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CHAPTER  I 

INTRODUCTION 

A system  is  always  designed  with  its  operating  environment  in  mind 
The  two  environments  that  are  of  particular  interest  in  this  research 
are  neutron  irradiation  and  overvoltage  transients.  These  environments 
are  of  interest  to  both  military  and  civilian  system  designers.  The 
neutron  environment  can  be  produced  in  pulses  from  nuclear  weapons  and 
continuously  from  nuclear  reactors.  Overvoltage  transients  can  be 
produced  by  lightning  or  exoatmospheric  detonation  of  nuclear  weapons. 
System  designers  must  know  how  their  systems  respond  to  these  two 
environments  singly  and  in  concert  so  that  they  can  predict  service 
life  or  design  in  a specific  service  life. 

Modern  electronic  systems  are  composed  primarily  of  semiconducting 
devices  such  as  diodes,  transistors,  and  integrated  circuits.  These 
devices  are  selected  for  incorporation  in  the  system  design  based  on 
their  electrical  and  physical  parameters.  These  parameters  are  subject 
to  change  as  a function  of  the  environment  experienced  and  the  length 
of  time  in  service.  One  such  parameter  is  the  breakdown  (avalanche) 
voltage  (BV) . The  objective  of  this  research  is  to  determine  how  the 

breakdown  voltage  is  affected  by  neutron  irradiation  during  the  normal 

I 

I 

I 

*Superscript  numbers  refer  to  references  listed  beginning  on  page  73. 
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operating  or  storage  lifetime  of  the  semiconductor  device. 

Transistor  gain  (Hpg)  is  the  second  parameter  known  to  change  as  a 

i#  2 

function  of  device  longevity  and  exposure  to  neutron  irradiation. 

This  change  In  gain  (Hpg)  produces  a change  In  the  breakdown  voltage 
across  the  transistor  (collector  to  emitter) . The  real-time  aging  of 
devices  is  prohibitive  because  real-time  testing  for  7 to  10  years  Is 
impractical.  Consequently,  an  accelerated  aging  method  Is  necessary  to 
complete  this  Investigation  In  a realistic  time.  The  literature  on 
accelerated  testing  was  reviewed  In  order  to  determine  a method  to  pro- 
duce accelerated  aging  of  transistors.  This  review  Indicated  that  there 
are  two  different  types  of  accelerated  testing  in  common  usage.  The 
first  and  by  far  the  most  prevalent  is  accelerated  life  testing.  In 
this  type  of  testing  the  devices  are  stressed  above  normal  operating 
level  and  the  number  of  catastrophic  failures  are  noted  as  a function  of 
test  time.  This  allows  one  to  predict  the  mean  time  to  failure  but  does 


not  provide  data  on  the  aging  of  transistors.  A second  set  of  Investi- 
gations was  found  on  aging  of  transistor  gain  (Hpg) . No  accelerated 
aging  investigations  were  found  on  semiconductor  breakdown  voltage  or  on 
any  semiconductors  that  had  been  Irradiated.  A detailed  discussion  of 
the  results  of  the  literature  search  In  accelerated  aging  and  neutron 
damage  are  presented  in  Chapter  2. 

Integrated  circuits  are  composed  of  many  transistors  on  a single 

I 

wafer  or  chip  of  silicon.  This  complexity  makes  it  difficult  to  study 
the  effect  of  environments  and  longevity  on  the  individual  device  break- 
down voltage.  It  is  essential  that  this  Investigation  be  limited  to 
devices  that  can  be  studied  in  a one-at-a-tima  manner  with  a minimum 
of  side  effects.  For  this  reason,  this  Investigation  is  .Limited  to 
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I three  types  of  transistors  and  one  type  of  diode.  The  devices  selected 

and  the  rationale  for  selecting  them  are  described  in  Chapter  4, 
Experimental  Design  Development. 

Once  accelerated  aging  is  accomplished,  it  is  necessary  to 

determine  the  rate  of  acceleration  (T)  to  determine  how  much  time  was 

* 

compressed.  The  Arrhenius  model  was  selected  to  determine  the  accel- 
eration factor  or  rate,  and  a discussion  of  the  model  is  presented  in 
Chapter  3.  Accelerated  aging  models  and  statistical  techniques  that 
are  pertinent  to  this  investigation  but  not  in  common  usage  are  also 
presented  in  Chapter  3. 

Information  and  data  obtained  from  the  literature  described  in 
Chapters  2 and  3 indicated  a method  for  parameter  testing  and  achieving 
accelerated  aging.  Presented  in  Table  1-1  is  a summary  of  the  objec- 
tives and  results  of  this  investigation. 


Table  1-1  Flow  of  Experiments 


First  experiment 


Objectives 


Establish  methods  of 
accelerated  aging. 


Results 


1.  I25°C  stress  level 
was  insufficient  to 
produce  acceleration. 

2.  Selected  techniques 
of  breakdown  voltage 
measurement  affects 
device  parameters. 

3.  Diode  was  not  affect- 
ed by  elevated  tem- 
perature. 
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Table  1-1  (Cont'd.) 


Objectives 

Results 

Second  experiment 

1.  Determine  if  the 
lowest  level  of 
reliability  test- 
ing of  breakdown 
voltage  produced 
change  in  device 
parameter. 

2.  Determine  temper- 
atures for  accel- 
erated aging  that 
do  not  produce 
failures. 

1.  No  detectable  change 
in  parameter  as  a 
function  of  testing 
method  selected. 

2.  250°C  for  10  days 
failed  to  produce 
change . 

3.  300°C  for  10  days 
produced  accelerated 
aging  without  cata- 
strophic failures. 

Experimental  design 
for  main  experiment 

Devise  an  experiment 
to  determine  if  a 
combined  effect 
exists. 

1.  Selected  accelerated 
aging  stress  levels 
of  250°,  275°,  and 

300°C  for  20  days 
based  on  second  ex- 
periment . 

i 

i 

1 

1 

i 

2.  Selected  neutron  flux 
levels  of  0,  10^, 
5xl0l2t  and  1013  n/cm^ 
based  on  the  liters* 
ture  and  the  author's 
previous  work. 

Main  experiment 

Determine  acceleration 
aging  rate  as  a func- 
tion of  neutron  flux 
level. 

1.  Hfe  degradation  was  a 
function  of  both  tem- 
perature and  neutron 
irradiation. 

2.  BVCB0  was  unaffected 
by  the  irradiation 
and  temperature. 

3.  BVC„0  parameter  was 
unaffected  by  testing. 

1 

Table  1-1  (Cont'd.) 
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Objectives 

Results 

1.  Calculate  acceler- 
ated aging  factors. 

2.  Calculate  BV^£q  at 
different  points  in 
device  life  cycle. 

1.  Acceleration  factors 
and  activation  energy 
calculated  for  flux 
of  0 and  10**  n/cm  . 

2.  BV„£q  calculated  for 
3000  days  of  opera- 
tion and  storage. 

The  first  experiment  was  constructed  using  four  different  device 
types  and  two  acceleration  stress  levels.  The  first  experiment  (Table 
1-1)  was  conducted  as  described  in  Chapter  4.  The  results  of  this 
experiment  indicate  that  different  testing  methods  for  determining 
the  breakdown  voltage  parameter  were  required.  A second  experiment 
was  conducted  to  determine  if  the  minimum  achievable  level  of  the 
breakdown  voltage  nerameter  testing  would  produce  a change  in  the 
breakdown  voltage  parameter.  An  additional  experiment  was  conducted 
to  determine  the  accelerated  stress  levels  required  to  produce  change 
without  producing  excessive  failures.  The  second  experiment  deter- 
mined the  stress  level,  test  method,  and  length  of  exposures  that 
are  used  in  the  main  experiment.  The  main  experiment  combines  aging 
and  neutron  environments  in  a sequential  manner  in  an  attempt  to  deter- 
mine if  the  breakdown  voltage  (BV)  is  affected  by  neutron  irradiation 
I 

as  a function  of  device  age.  The  main  experiment  is  described  in 
Chapter  5. 

The  main  experiment  was  conducted,  and  the  data  was  reduced  using 

] 
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the  statistical  methods  described  in  Chapter  3.  The  data  were  analysed 
using  Analysis  of  Variance  (ANOVA)  techniques  and  a paired  "t"  test. 

The  changes  in  parameters  were  noted  and  accelerated  aging  was  deter- 
mined to  have  occurred.  The  results  of  the  data  analysis  is  presented 
in  Chapter  5. 

The  results  of  the  experimentation  and  subsequent  calculations 
are  presented  in  Chapter  6.  The  acceleration  factors  and  the  acti- 
vation energies  were  calculated  for  comparison  with  published  data. 
Breakdown  voltages  were  calculated  at  an  arbitrary  time  with  the 
neutron  irradiation  applied  before  and  after  aging. 

The  conclusions  of  this  investigation  are  presented  in  Chapter  7. 


CHAPTER  II 


SOLID  STATE  THEORY  AS  RELATED  TO 
NEUTRON  DAMAGE  AND  ACCELERATED  AGING 

The  following  paragraphs  present  a description  of  the  background 
and  theory  essential  for  a basic  understanding  of  the  breakdown  phenom- 
enon. Also  presented  is  a numerical  example  of  the  effect  of  changes 
in  breakdown  voltage  of  a device  in  relation  to  second  breakdown  damage. 

The  first  area  to  be  addressed  is  the  breakdown  voltage  phenom- 
enon. Assume  that  a semiconducting  diode  is  reverse  biased  as  shown 
in  Figure  2-1. 


Ohmic  contacts 


Junction 


N-region 


P-region 


Rci 

■ww 


^0 


Figure  2-1  Reverse- biased  diode 


The  electric  field  across  the  junction  causes  hole-electron  pairs 
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to  be  generated  in  the  depletion  region  (Figure  2-2)  which  produces  a 
current  through  the  device  called  leakage  (IR) . If  the  bias  voltage 
is  increased,  the  energy  of  the  carriers  in  the  depletion  region  is 
raised.  This  increased  energy  increases  the  possibility  that  during 
a scattering  collision,  another  hole-electron  pair  may  be  generated  by 
breaking  a covalent  bond.  A distribution  of  the  field  can  be  seen  in 
Figure  2-3. 

Junction 

i 

i 


Depletion 

region 


Figure  2-2  Minority  carrier  concentration  and  depletion  region  in  a 
reverse-biased  diode 


Junction 

I 

I 


Figure  2-3  Electric  field  distribution  in  reverse- biased  diode 


Each  hole  and  electron  causes  another  hole-electron  pair  to  be 
generated  before  the  electric  field  sweeps  the  first  pair  out  of  the 
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depletion  region.  Thus,  a growing  number  of  pairs  are  created  and  this 
process  is  referred  to  as  multiplication.  The  threshold  of  the  break- 
down process  has  been  found  to  be  a function  of  the  doping  level  on  the 
side  of  the  junction  with  the  smaller  doping  level,  and  the  breakdown 
is  complete  when  the  junction  is  flooded  with  carriers.  Second  break- 
down occurs  after  a device  has  been  taken  into  breakdown  for  a 
sufficient  period  of  time.  Damage  or  degradation  occurs  only  after 
second  breakdown  has  occurred  (Figure  2-4) . 

Budenstein' s-^  work  in  second  breakdown  indicates  that  a device 
must  be  carried  into  second  breakdown  for  a period  of  time  (normally 
10  psec)  to  produce  damage.  Further,  the  assertion  is  made  that  damage 
cannot  occur  to  the  junction  until  second  breakdown  has  been  reached. 


Vg  VA  Voltage 


Egg  * energy  where  second  breakdown  occurs 
eSD  “ energy  where  threshold  damage  may  occur 

Figure  2-4  Characteristic  curve  for  a P-N  junction 

It  is  now  necessary  to  expand  the  discussion  from  simple  diode 
to  actual  device  construction.  It  is  well  known  that  diodes. 
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transistors,  and  ocher  devices  are  not  constructed  as  shown  in  Figure 
2-1  but  are  junctions  which  have  been  diffused  or  implanted  iq  pure 
silicon.  These  junctions  (Figure  2-5)  have  corners  that  are  rounded 
and  can  be  described  as  having  radii  (R) . Larin2  presents  a chart 


Junction  Junction 


Figure  2-5  Junction  construction 

which  gives  a relationship  between  junction  radius  and  doping  levels 
to  give  breakdown  voltages  (Figure  2-6) . 

If  more  than  one  junction  is  to  be  used  to  produce  a useful 
function  such  as  amplification  in  transistors  (three  region  devices), 
then  breakdown  is  also  considered  across  the  total  device.  Let 
be  emitter-base  breakdown  with  collector  open  and  BVqB0  collector-base 
breakdown  with  the  emitter  open.  (A  detailed  development  of  the  solid 
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where  HpE  Is  the  direct  current  common  emitter  current  gain,  N has  been 
found  to  be  6 for  N-type  silicon,  and  4 for  P-type  silicon.  (A  value 
of  5 is  normally  used  in  neutron  damage  studies.)  It  is  clear  that  the 
collector-emitter  breakdown  voltage  is  less  than  collector-base  and  is 
a function  of  transistor  gain.  It  is  well  known  that  transistor  gain 

4 

is  a function  of  exposure  to  neutron  flux,  but  neutrons  also  tend  to 
produce  defects  in  the  crystalline  lattice  that  act  as  traps  for  hole- 
electron  pairs.  These  defects  can  be  thought  of  as  reducing  the  im- 
purity concentration  and  thereby  increasing  the  breakdown  voltage. 

As  an  example,  assume  a transistor  with  a doping  level  of  1.5  x 

lO^/cm^  and  a radius  of  6.0pm  which  gives  a breakdown  of  120  volts 

15  2 

(BVcbq)*  Now  'I*  this  junction  is  exposed  to  1 x 10  neutron/cm  , 

15  3 

which  is  assumed  to  reduce  the  carrier  concentration  to  10  /cm  , 

the  breakdown  voltage  increases  to  135  volts.  Now  assume  that  the 

gain  of  the  transistor  (H^)  was  50  initially  and  4.6  after  1 x 10^^ 

n/cm  irradiation.  The  breakdown  voltage  BV  would  have  changed 

CEO 

from  55  volts  to  100  volts  using  an  N of  5 in  Equation  2-1. 

From  the  above  discussion  it  is  apparent  that  changes  in  the 
transistor  gain  (Hp£)  produce  significant  change  in  the  breakdown 
voltage  (bvceq)«  Neutron  irradiation  produces  large  changes  in  H^, 
but  these  changes  can  also  occur  from  exposure  to  other  environments. 
Kang^  indicates  that  the  gain  (HpE)  changes  as  a function  of  time. 

This  change  is  normally  attributed  to  changes  in  surface  properties 
at  the  point  where  the  PN  junction  intersects  the  surface.  Other 
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common  problems  that  produce  change  in  devices  are  bond  failure  and 
metal  penetration  of  the  silicon. 

Consider  the  surface  problem  first.  Assume  that  the  silicon  is 
coated  with  an  oxide  for  passivation.  The  passivation  layer  is  porous 
and  contains  numerous  defects  caused  by  the  method  of  application  and 
basic  properties.  These  defects  act  as  charge  traps  which  can  be  en- 
visioned as  forming  a path  from  anode  to  cathode  in  parallel  with  the 
semiconducting  material.  Any  potential  difference  between  the  anode 
and  cathode  will  cause  tunneling  from  defect  to  defect  along  the  short- 
est path  between  the  anode  and  cathode.  This  forms  a separate  conduct- 
ing path  which  appears  as  a leakage  current  which  reduces  the  gain  of 
the  transistor. 

In  a similar  manner,  the  metal  ions  are  transferred  into  the 
silicon.  The  metal  ions  reduce  the  mean-free  path  length  between  the 
anode  and  cathode,  causing  an  increase  in  leakage  current  and  a 
decrease  in  gain.  Both  of  the  degradation  methods  described  above  are 
directly  affected  by  the  ambient  temperature.  At  25°C  the  charge  for- 
mation is  a slow  process,  but  at  300°C  it  takes  several  hours  to 
several  days  to  form.  The  source  of  charge  is  believed  to  be  at  the 
oxide-gas  interface. 

The  process  of  change  described  above  requires  some  level  of 
energy  to  be  delivered  to  the  semiconducting  devices  for  activation. 

Let  this  energy  be  called  the  activation  energy  E(ev),  which  ts  der- 
fined  as  the  potential  that  must  be  overcome  to  produce  change  in  the 
devices.  The  lowest  value  of  activation  energy  is  0.69  ev,  which  is 
defined  as  the  radiationless  transition^  or  the  point  where  the  lattice 
in  some  solid  state  materials  reaches  an  energy  level  sufficient  to  emit 
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a single  frequency  of  energy.  At  the  other  extreme,  the  highest  acti- 
vation energy  is  15  ev,  which  is  required  to  cause  displacement  effects 

2 

in  the  bulk  silicon  lattice.  No  data  can  be  found  in  the  literature 
to  indicate  the  activation  energy  to  start  the  processes  of  filling  the 
defect  in  the  crystalline  lattice  caused  by  neutron  irradiation.  This 
process,  called  annealing,  starts  immediately  after  irradiation  and 
can  be  accelerated  by  elevated  temperature. 

The  investigation  of  activation  energy  required  for  a particular 
failure  is  somewhat  limited.  Peck  and  Zierdit?  published  a few  acti- 
vation energies  associated  with  particular  mechanisms  and  these  are 
shown  in  Table  2-1. 


Table  2-1  Activation  Energy  Levels  and  Mechanisms 


Mechanism 

E(ev) 

Surface-inversion  failures 

1.02 

Au-Al  bond  failures 

1.02  - 1.04 

Metal  penetration 

1.77 

With  the  physical  reason  for  change  defined  and  the  energy  range 
required  to  produce  such  change  established,  it  is  desirable  to  deter- 


mine what  effect  a change  in  gain  Hpp  and  subsequent  changes  in  break- 
down voltage  will  have  on  the  second  breakdown  damage  level.  The  de- 


crease in  gain  (HpE)  produces  an  increase  in  breakdown  voltage  (BV^E0)» 
which  at  first  glance  should  be  a more  desirable  condition,  but  damage 
to  semiconductors  occurs  when  a device  is  driven  into  second  breakdown 

Vs  as  a function  of  the  energy  dissipated  and  there  is  a range  of 


W 
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applied  voltages  for  which  the  energy  dissipated  in  a device  is 
increased  with  increased  BVcg0* 

Q Q 

Damage  has  been  found  to  be  a function  of  pulse  power  and  time.  ’ 
The  power  delivered  to  a device  is  determined  by  the  breakdown  voltage 
times  the  driven  current.  This  is  consistent  with  early  discussions 
on  the  effects  of  second  breakdown  of  junctions.  Consider  an  equiv- 
alent circuit  shown  in  Figure  2-7. 


VDR 


50 


Figure  2-7  Breakdown  voltage  equivalent  circuitry 

Now  if  Vg  is  the  diode  breakdown  voltage,  V^R  is  the  driving 

voltage,  and  the  characteristic  impedance  is  50,  then  one  can  deter- 

VDR  - VS 

mine  the  power  driven  into  the  device  as  (V_) . As  the 

50  b 

neutron  dose  level  increases,  the  theoretical  breakdown  voltage  (Vg) 

also  increases,  bet  Vg^  be  the  initial  breakdown  voltage,  V ^ be  the 

breakdown  voltage  after  irradiation,  VpR  exceed  the  sum  of  V and 

Vco,  which  is  defined  as  V , then  the  power  driven  into  the  device 
sz  DRO 

will  be  greater  after  irradiation  than  before. 

Assume  for  the  sake  of  discussion  that  VS1  is  55  volts  and  Vg., 
is  75  volts.  Then  after  breakdown  occurs,  more  power  will  be  dissi- 
pated in  the  device  for  driving  voltages  exceeding  130  volts 


V 


, 


as  shown  in  Figure  2-8.  It  is  therefore  essential  that  changes  in 
breakdown  voltage  be  known  as  a function  of  neutron  dose  level. 


Driven  voltage  VDR  (volts) 


8 Neutron  irradiation  effects  on  power  dissipation 
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CHAPTER  III 


ACCELERATED  AGING  MODELS 
AND  STATISTICAL  TECHNIQUES 


It  is  apparent  that  the  time  required  for  normal  aging  is  pro- 
hibitive and  a method  of  accelerating  the  aging  process  is  required. 
Walsh,  Endicott,  and  Best^  indicate  that  any  accelerated  aging  pro- 
cess must  be  conducted  in  such  a manner  as  to  produce  the  same  effect 
that  normal  aging  would  have  on  the  parameter  of  interest,  which  re- 
quires the  assumption  that  all  mechanisms  undergo  the  same  degree  of 
acceleration.  Hence,  in  an  ideal  accelerated  aging  process,  time  is 
the  only  variable  that  is  compressed. 

The  stress  environment  that  has  been  found  in  the  literature, 
and  described  in  the  previous  chapter  is  elevated  temperature  . 

Accelerated  aging  at  elevated  temperature  presents  a problem  of  in- 
terpretation of  device  parameter  test  data  and  from  this  test  data, 
interpretion  of  the  behavior  of  a device  over  long  periods  of  time 
at  normal  operating  temperatures.  In  order  to  gather  sufficient  data 
to  develop  a prediction  of  degradation  during  normal  operation,  a 
device  should  experience  accelerated  aging  (stressing)  at  a minimum  of 


two  levels,  and  three  levels  would  determine  linearity  of  the  process. 

The  temperatures  that  are  selected  for  stress  must  be  sufficient- 
ly high  to  cause  parameter  drift  but  not  too  high  to  produce  device 
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failure.  The  lower  limit  of  the  stress  temperature  is  the  lowest 
temperature  at  which  significant  changes  in  the  device  parameters  can 
be  observed  over  a test  period.  A low  estimate  of  this  temperature  is 
preferable  to  a high  estimate,  as  the  stress  temperature  can  be  raised 
if  no  change  in  the  device  parameters  is  observed  after  a few  days.  If 
an  excessively  high  stress  temperature  is  used,  device  parameters  may 
change  too  rapidly  to  yield  significant  data.  The  upper  temperature 
limit  depends  mainly  upon  the  eutectic  point  of  the  devices.  Above 
this  temperature,  devices  can  suffer  severe  degradation  or  failure 
caused  by  the  formation  of  Au-Al  intermetallic  compounds  (plague) . 

The  stress  levels  that  are  to  be  used  are  determined  experimen- 
tally and  will  be  described  later.  It  is  important  now  to  discuss  how 
the  acceleration  data  will  be  modeled. 

The  Arrhenius  model^  is  highly  useful  in  analyzing  accelerated 
test  data.  In  this  model  the  amount  of  device  degradation  D is  a 
function  of  a device  parameter  (such  as  leakage  current)  M: 

D = f (M) . (3-1) 

The  Arrhenius  model  is  based  on  two  assumptions.  First,  degradation 
is  a linear  function  of  time  SR  in  days 

D = R(Tj)  SR,  (3-2) 

where  T is  absolute  temperature,  j is  a particular  temperature,  and 
R(T)  is  the  degradation  rate  as  a function  of  absolute  temperature, 
which  depends  only  on  the  stress  level  (i.e.,  the  stress  rate  is  in- 
dependent of  the  stress  history  of  the  device).  Second,  the  logarithm 
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of  the  degradation  rate  is  a linear  function  of  the  reciprocal  of 
the  absolute  temperature. 

The  Arrhenius  equation  is 

R(Tj)  - eA"B/TJ  , (3-3) 

where  A and  B are  empirical  constants.  If  the  values  of  R(Tj)  are  neg- 
ative, only  the  absolute  value  of  R(Tj)  can  be  used  in  the  Arrhenius 
model.  Taking  the  natural  logarithm  of  both  sides  of  this  equation 
yields 

In  R(Tj)  - A-B/Tj.  (3_4) 

A plot  of  this  relation  is  known  as  an  Arrhenius  plot. 

Suppose  that  tests  are  run  at  two  different  stress  levels  (J  - 1 
and  2)  and  different  test  times  (K  ■ 1 and  2)  so  that  the  same  amount 
of  degradation  results  from  each  test.  This  means 

D1  “ °2 
or 

R(Tl)  SX  - R(T2)  S2.  (3-5) 

Noting  that  R(Tj)  is  a function  only  of  stress  level,  we  obtain 
(eA-B/Ti)  Sj_  „ (eA-B/T2)  S2.  (3-6) 

Solving  for  S2  yields 

S2  - e-WTl  ~ 1/T2>  Sl. 


(3-7) 


Defining  an  acceleration  factor  T ■ e-B(l/Tl  ” I/T2)  and  substituting 
it  into  the  above  equation  yields 


S2  s TS^. 


(3-8) 


The  model  assumes  that  a linear  extrapolation  can  he  made  from  elevated 
temperatures  to  normal  operating  temperatures.  This  assumption  may  not 
be  valid  and  must  be  evaluated  by  considering  potentially  different 
values  of  T found  from  different  stress  tests. 

A step-by-step  application  of  the  Arrhenius  model  is  as  follows: 

a)  Measure  the  device  parameter  M and  establish  a 
transformation  which  produces  a linear  function 
f(M)  by  trial.  Plot  f (M)  as  a function  of  time 
for  each  temperature. 

b)  Determine  the  slopes  of  the  lines  in  this  plot. 
These  slopes  are  values  of  the  function 
R(Tj).  R(Tj)  can  only  take  on  positive  values. 

c)  Find  In  R(Tj)  as  a function  of  l/Ti  and  construct 
the  Arrhenius  plot.  From  this  plot  determine  B, 
the  slope  of  the  line.  Test  for  quadratic  effects 
and  estimate  their  magnitude. 

d)  Determine  the  acceleration  factor  T. 


In  a hypothetical  experiment  two  sets  of  transistors  are  stressed 
with  elevated  temperatures.  Transistor  gain  HpE  is  measured  period- 
ically and  is  given  in  Table  3-1. 


Table  3-1  Hypothetical  Data  Set 


Day 

hfe 

CS) 

T2  - 150°c 

T2  - 200°C 

l 

100 

100 

2 

99 

98 

3 

98 

96 

4 

97 

94 

5 

96 

92 

The  next  step  In  applying  the  Arrhenius  model  Is  to  plot  H^g  as 
a function  of  time  for  and  , which  is  shown  In  Figure  3-1.  Next 
determine  the  absolute  value  of  R(Tj),  for  j ■ 1,  2;  then  calculate 
In  R(Tj).  Then  In  R(T)  is  plotted  as  a function  of  reciprocal 
absolute  temperature  (1/T) . This  Is  the  Arrhenius  plot  shown  In 
Figure  3-2.  Here  it  is  assumed  that  if  there  were  data  for  more 
temperatures,  the  resulting  In  RCTj > for  all  j would  lie  on  the  same 
line  as  fl/Tj,  In  R(T^) ] and  [1/T2,  In  R(T2>].  When  all  these  points 
lie  on  the  same  line,  true  Arrhenius  acceleration  exists.  The  limits 
tions  of  having  only  two  data  points  are  obvious. 


mbmi 
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To  determine  the  acceleration  parameters  A and  B,  the  relation 

In  R(Tj>  “ A - B (1/Tj).  (3-9) 

is  applied  to  the  Arrhenius  plot.  The  acceleration  factor  T is  a 
function  of  B but  is  independent  of  A.  In  this  example, 

B - 2.68  X 103  °K. 

The  acceleration  factor  can  be  calculated  from 

T - e-BW/Tl  - 1/T2>,  (3-10) 

where  T^  is  some  elevated  temperature  and  T ^ is  the  normal  operating 
temperature.  Substituting  B = 2.68  X 103  6K,  T^  = 473  °K  (200°C) , 
and  T2  * 300  °K  (27°C)  gives  an  acceleration  factor  T * 24.27. 

If  all  assumptions  implicit  in  the  Arrhenius  model  are  valid, 
the  above  result  means  that  the  subject-transistor  gain  ages  approx- 
imately 24  times  as  fast  at  200°C  as  it  does  at  27°C.  The  activation 
energy  can  now  be  calculated  if  the  Arrhenius  model  applies.  Assuming 
that  E(ev)  is  constant,  the  activation  energy  is  calculated  by  taking 
two  values  of  R(Tj)  where  J “ 1 and  .2  and .the  corresponding  two  tem- 
peratures (T^  and  T2)  and  substituting  these  known  values  into  Equa- 
tion 3-13  to  calculate  E.  Peck  and  Zierdit7  define  R(T)  as 

R(Tj)  - Fe"E/KTl,  (3-11) 

and 

R(T2)  - Fe“E/KT2,  (3-12) 

where  R is  the  reaction  rate  constant,  E is  the  activation  energy, 

K is  the  Boltzmann  constant,  T is  absolute  temperature,  and  F is  a 
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proportional  constant,  and 


In  order  to  develop  an  accurate  Arrhenius  model  and  calculate 
the  activation  energy,  one  must  have  a homogeneous  data  base.  To 

achieve  this  data  base,  mavericks  or  outliers  must  be  removed. 

All  data  points  will  be  reviewed  for  the  presence  of  outliers, 

(see  Chapter  5).  Outliers  may  be  caused  by  faulty  test  equipment,  by 
human  error  in  performing  the  test  and/or  recording  the  results  or  by 
similar  reasons  not  pertinent  to  the  statistical  analysis.  Retention 
of  outliers  in  the  data  could  introduce  bias  and  decrease  the  precision 
of  the  statistical  tests.  Therefore,  a test  to  identify  outliers  is 
required  in  the  data  analysis,  and  this  test  is  the  Dixon  criterion.1*’ 

The  Dixon  criterion  assumes  that  the  population  mean  and  standard 
deviation  are  unknown  and  that  the  experimental  observation  comes  from 
a single  normal  population.  The  test  is  capable  of  rejecting  extreme 
observations  at  either  the  low  or  high  end  of  the  data  set.  The  first 
step  in  applying  the  test  is  to  arrange  all  the  readings  in  a data  set 
in  order  from  lowest  to  highest  (xj^  £ *2  i • • ‘ — xn) * ^wo  equations 
are  used  to  calculate  a test  statistic,  depending  upon  whether  the  high 
or  low  end  of  the  data  set  is  suspect: 


*n  - xn-2 

Upper  - - - - , 

xn  x2 


Lower 


‘3  ~ X1  . 


xn-l  " X1 


(3-14) 


(3-15) 


If  the  value  calculated  exceeds  a critical  value,  then  the  reading  Is 
rejected  as  an  outlier. 

Before  any  experimentation  Is  initiated,  all  parameters  must  be 
checked  for  normality.  The  Lilliefors analog  to  the  Kolomogorov- 
Smirnov  test  (the  test  normally  used  in  determining  normality)  has  been 
selected  for  this  evaluation.  The  Kolmogorov-Smirnov  test  requires  that 
the  population  mean  and  standard  deviation  be  known  before  testing. 
Lilliefors'  analog,  however,  allows  the  calculation  of  the  unbiased 
estimate  of  the  mean  and  standard  deviation  from  the  sample  data. 

Since  the  population  mean  and  variance  will  be  unknown  for  our  data, 
Lilliefors'  analog  is  the  desired  test. 


CHAPTER  IV 


EXPERIMENTAL  DESIGN  DEVELOPMENT 

The  main  experiment  design  was  developed  from  a series  of  two 
preliminary  experiments.  The  first  experiment  was  designed  from  in- 
formation obtained  from  the  literature  (see  Bibliography),  the  imple- 
mentation of  which  was  constrained  by  the  facilities  that  were  avail- 
able. Test  equipment  for  measuring  Hpg  with  sufficient  accuracy  and 
BVCBo  with  a pulse  sufficiently  short  to  comply  with  published  work 
was  designed  and  fabricated.  The  first  experiment  was  intended  to 
develop  an  accelerated  aging  rate  for  the  four  selected  devices,  but 
the  actual  results  indicated  that  temperature  stress  levels  which 
had  been  selected  based  on  the  literature  were  incorrect.  The  second 
result  obtained  from  the  first  experiment  was  that  the  breakdown 
voltage  measurement  produced  changes  in  the  device  parameter.  This 
led  to  a second  experiment  to  set  the  temperature  stress  level.  The 
effect  of  testing  was  minimized  by  using  the  latest  available  auto- 
matic testing  procedures.  The  discussion  of  these  two  experiments  and 
the  way  in  which  they  led  to  the  design  of  the  main  experiment  is  pre- 
sented in  this  chapter. 

The  components  selected  as  the  test  vehicle  for  the  first  experi- 
ment were  one  diode  and  three  transistor  types.  The  diode  was  a 1N4148 
(identified  by  the  letter  D) , which  was  selected  because  of  its 
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extensive  use  by  Tasca*®  in  his  investigation  of  avalanche  breakdown  in 
semiconductors.  The  2N2222  NPN  (Identified  by  the  letter  N)  transistor 
was  selected  because  of  its  wide  use  in  circuitry  and  its  use' as  a test 
vehicle  in  breakdown  and  neutron  damage  investigations.  These  two  de- 
vices offer  the  best  opportunity  to  relate  this  investigation  to  pre- 
vious work.  The  next  device,  a 2N2907  (P)  PNP  transistor,  was  selected 
because  it  is  used  as  a complementary  device  to  the  2N2222  in  many  cir- 
cuits. The  last  device  was  a medium  power  NPN  transistor  that  was 
readily  available,  2N2537  (NN) . The  characteristics  of  these  devices 
are  displayed  in  Appendix  A. 

The  Arrhenius  model  requires  that  a minimum  of  three  stress  tem- 
peratures be  used.  Three  temperatures  were  selected  based  on  available 
equipment  and  were  25°C,  125°C,  and  155°C.  Special  electronic  measur- 
ing equipment  was  designed  to  permit  the  measurement  with  an  accuracy 
within  ±2%.  The  of  these  devices  was  measured  at  10V,  10  ma,  and 
10  ysec,  and  BV^Bq  was  measured  at  1 ma  for  10  ysec.  The  HpE  measure- 
ment levels  are  within  the  devices'  normal  operating  limit.  The  current 
and  duration  of  the  pulse  for  measuring  the  BV^qq  were  selected  based 
upon  the  work  of  Budenstein,  Ponins,  and  Smith, ^ and  these  values  were 
selected  to  be  well  below  the  threshold  of  second  breakdown  and  damage. 

An  experimental  plan  was  developed  for  each  device  and  is  displayed 
in  Table  4-1.  The  actual  test  lot  is  described  by  a set  of  two  or  three 
alphanumerics.  An  example  would  be  NN3,  which  designates  the  third  lot 
and  its  associated  testing  of  the  2N2537  transistor.  Each  lot  contains 
15  units,  and  300  devices  were  committed  to  the  experiment.  The  sample 
size  and  the  two  elevated  temperatures  were  selected  based  on  the  avail- 
ability of  two  ovens.  The  experiment  was  conducted  in  these  two  ovens 
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for  a period  of  60  days  with  device  parameters  measured  every  other  day. 

The  experiment  was  designed  to  determine  first,  if  aging  had 
occurred  and  second,  if  testing  had  produced  changes  in  the  device 
parameters . 

Table  4-1  Lot  Definition  for  First  Experiment 


Lot 

Temperature  (°C) 

Measured  periodically 

■ 

25°C 

Yes 

125°C 

No 

125°C 

Yes 

155°C 

No 

B 

155°C 

Yes 

Note:  15  devices  per  device  type,  4 device  types  per  lot. 


Devices  in  Lot  2 (Chamber  125°C  not  measured  periodically)  and  Lot 
3 (Chamber  125°C  measured  periodically)  were  used  to  determine  if  para- 
meter testing  had  any  effect.  Lot  1 was  the  control  lot.  Unfortunate- 
ly, Lot  3 of  the  2N2222  devices  (3N)  was  destroyed  in  transportation 
back  from  the  test  site,  and  all  four  device  types  in  the  155°C  tem- 
perature oven,  Lots  4 and  5,  were  destroyed  because  of  a runaway  con- 
dition which  occurred  on  the  45th  day  of  the  experiment.  It  was  ap- 
parent at  this  point  that  an  additional  experiment  would  be  required 
to  determine  acceleration  stress  level,  but  some  insight  could  be 
derived  from  the  data  obtained  in  this  first  experiment.  All  data 
which  were  available  were  subjected  to  statistical  analysis  as  des- 
cribed below. 
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A tvo- sided  t-test  was  selected  to  determine  st  the  .05  signifi- 
cance level  the  effect  of  repeated  measurements  upon  device  parameter 
means.  The  two-sided  t-test  was  selected  because  deviation  may  be  on 
either  side  of  the  mean.  An  F-test  was  selected  to  determine,  at  the 
.05  significance  level,  the  effect  of  repeated  measurements  upon  de- 
vice parameter  variability.  Sample  Lots  2 and  3 were  used  for  these 
determinations.  All  tests  were  performed  on  the  differences  between 
initial  and  final  measurements  on  each  part  and  not  on  the  individual 
measurements.  Catastrophic  failures  were  removed  from  each  lot  before 
analysis . 

A summary  of  the  calculated  differences  on  each  lot  is  found  in 
Table  4-2.  Significant  differences  were  found  between  Lots  NN2  and  NN3 
with  respect  to  the  RpE  mean  and  the  BVCB0  variance.  (See  Table  4-3.) 

No  measurement  effects  at  the  .05  significance  level  were  found  in  the 
other  lots.  This  indicates  that  the  BVqB0  measurement  produced  a change 
in  the  2N2537  device  parameter  and  a new  measuring  technique  will  be 
required. 

A two-sided  t-test  was  conducted  on  the  differences  in  the  initial 
to  final  diode  data  to  determine  if  aging  had  taken  place,  but  no  sign- 
ificance could  be  detected  at  a = .05.  This  implies  that  the  low  tem- 
perature baking  had  no  detrimental  effect  on  the  diodes.  The  stress 
temperatures  used  in  this  experiment  did  not  produce  changes  in  the 
diode  parameters.  Therefore,  it  was  eliminated  from  further  experi- 
mentation. 

The  PNP  transistor  in  Lot  2 and  3 had  a combined  pre-aged  mean 
of  561.8  and  a combined  post-aged  mean  of  143.0,  which  is  nearly  a 
factor  of  four  difference  between  these  two  means.  These  values  were 
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Table  4-2  Means  and  Variance  for  the  First  Experiment 


Lot 

Device  type 

Samples 

Variance 

Mean 

Parameter 

2 

D 

14 

13.3 

5.7 

VR 

3 

D 

11 

14.0 

4.8 

VR 

2 

NN 

14 

389.3 

46.1 

bvcbo 

3 

NN 

14 

1399.0 

58.6 

bvcbo 

2 

P 

15 

50.2 

30.8 

bvcbo 

3 

P 

9 

36.8 

30.4 

bvcbo 

2 

NN 

14 

531.9 

80.4 

hfe 

3 

NN 

14 

896.1 

104.2 

hfe 

2 

P 

15 

11,425.0 

448.7 

hfe 

3 

P 

9 

12,505.0 

364.1 

H 

FE 

so  grossly  different  that  no  statistical  test  was  deemed  necessary  to 
be  assured  that  accelerated  aging  had  occurred. 


Table  4-3  Analysis  of  Data  Obtained  from  First  Experiment 


Hpg  parameters 


Lot  2 

Lot  3 

Test  results 

s 

Variance 

531.9 

896.1 

Not  significant  (5Z) 

Standard  deviation 

23.1 

29.9 

Mean 

80.4 

104.2 

Significant  (5Z) 

PNP  transistors  (Type  P) 

Variance 

11,425.0 

12,505.0 

Not  significant  (5Z) 

Standard  deviation 

106.9 

111.8 

Mean 

448.7 

364.1 

Not  significant  (5Z) 

Breakdown  voltage  BVCBQ 

Lot  2 

Lot  3 

Test  results 

NPN  transistors  (Type  NN) 

Variance 

389.3 

1,399.0 

Significant  (5Z) 

Standard  deviation 

19.7 

37.4 

Mean 

46.1 

58.6 

Not  significant  (5Z) 

PNP  transistors  (Type  P) 

Variance 

50.2 

36.8 

Not  significant  (5Z) 

Standard  deviation 

7.1 

6.1 

Mean 

30.8 

L 

30.4 

Not  significant  (5Z) 

Preakdown  voltage  BV^gg 


Lot  2 

Lot  3 

Test  results 

Diodes  (Type  D) 

Variance 

13.3 

14.0 

Not  significant  (5Z) 

Standard  deviation 

3.6 

3.7 

Mean 

5.7 

4.8 

Not  significant  (5Z) 

The  result  of  this  first  experiment  indicates  that  test  levels  of 
BVCBO  ant*  Hfe  °n  t*ie  transistors  should  be  changed  because  of  the  de- 
gradation caused  by  testing.  The  new  test  levels  must  be  set  well 
below  those  indicated  in  Dr.  Budenstein's  work  for  BVCgQ,  and  the  Hpg 
test  level  should  be  minimized. 

Because  of  lost  data,  a second  experiment  was  performed  to  deter- 
mine what  temperature  should  be  used  to  produce  accelerated  aging  of 
parameters  in  the  three  types  of  transistors.  The  second  experiment 
is  described  below. 

The  second  experiment  was  conducted  in  two  phases.  In  the  first 
phase  ten  2N2222  and  2N2907  transistors  were  subjected  to  25  tests  of 
their  H^j,  and  BVCB0  parameters.  The  test  conditions  for  the  devices 
were  BV^gQ  at  1 microampere  and  1 ysec,  and  HpE  at  10  psec  and  100 
microamperes.  These  are  the  lowest  level  test  conditions  at  which  the 
parameter  could  be  measured  automatically  and  still  produce  consistent 
results.  The  initial  and  final  measurements  were  tested  to  determine 
if  they  are  from  the  same  population;  this  was  subsequently  confirmed 
by  the  t-test.  Therefore,  it  was  concluded  that  there  was  no  test- 
ing effect  and  the  temperature  level  for  accelerated  aging  could 
then  be  determined. 

In  the  second  phase  a sample  of  fifty  of  each  of  two  device  types, 
2N2907  and  2N2222,  which  were  obtained  for  use  in  the  main  experiment, 
was  tested  and  subsequently  subjected  to  various  temperature  stress 
levels  to  determine  the  maximum  level  which  would  be  used  without 
generation  of  typical  failure  modes.  For  each  device  type  a subgroup 
of  ten  units  was  exposed  for  240  hours  to  temperatures  of  25°C,  150°C, 
200°C,  250°C,  and  300°C.  The  means  of  the  individual  subgroups  and 
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their  shifts  as  a result  of  accelerated  aging  are  listed  in  Table  4-4. 


Table  4-4  Measured  Parameter  Means  for  Second  Experiment 


Para 

meter 

BVCB0 

hfe 

Device 

Temp.  (C) 

Initial 

Post 

Z 

Initial 

Post 

Z 

25 

106.2 

106.3 

+.09 

216.8 

218.2 

+0.6 

150 

106.4 

106.6 

+.18 

205.6 

205.8 

+0.1 

2N2907 

200 

107.3 

107.5 

+.18 

222.2 

222.9 

+0.3 

250 

110.1 

110.0 

-.09 

191.8 

191.7 

-.05 

300 

106.6 

106.3 

-.28 

227.2 

214.4 

-5.6 

25 

96.3 

98.1 

+1.9 

80.8 

80.5 

-0.4 

150 

95.3 

94.9 

-0.4 

76.0 

82.9 

+9.0 

2N2222 

200 

92.0 

93.3 

-1.4 

83.7 

80.4 

-3.9 

250 

93.2 

95.0 

+1.9 

78.0 

79.2 

+1.5 

300 

94.7 

96.2 

+1.6 

83.5 

62.0 

-25.7 

These  results  indicated  that  no  significant  parametric  shifts  occurred 
at  or  below  250°C  and  no  catastrophic  failures  occurred  at  or  below 
300°C,  The  240  hours  at  temperatures  at  or  below  250°C  were  insuf- 
ficient in  duration  to  produce  accelerated  aging.  In  order  to 
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achieve  accelerated  aging  at  250°C  for  these  devices,  a stress  period 
In  excess  of  240  hours  Is  required.  A stress  period  of  480  hours  was 
selected  for  the  main  experiment. 

The  Arrhenius  model  requires  two  or  more  stress  levels  to  be  valid, 

and  for  this  reason  three  stress  level*?  were  selected  for  use  In  the 

main  experiment.  These  temperatures  were  250°C,  275°C,  and  300°C. 

Next,  the  neutron  flux  level  had  to  be  selected.  This  was  accomplished 

by  reviewing  the  literature  on  the  2N2222  and  2N2907  devices.  The  data 

available  on  these  devices  indicated  that  the  lowest  level  of  neutron 

irradiation  to  produce  change  in  device  parameters  occurs  at  10^  n/cm2 

and  that  the  device  ceases  to  perform  any  useful  function  at  the  value 

of  2x10^3  n/cm^.  For  this  reason  a range  of  10*2  to  10*^  n/cm^  was 

12  12 

selected.  The  neutron  fluxes  were  selected  to  be  0,  10  , 5x10  , and 

T o 

10~*  n/c^ , which  selection  covers  the  four  regions  of  transistor  damage 
and  corresponds  to  conditions  of  no  damage,  threshold  of  damage,  moder- 
ate damage,  and  severe  damage  respectively.  The  main  experiment  was  de- 
veloped based  on  the  above  temperatures  and  flux  levels  and  is  outlined 
in  Table  4-5.  The  experimental  design  is  identical  for  the  two  device 
types  which  were  tested.  Twelve  samples  were  included  in  each  group. 

The  2N2537  was  not  available  for  inclusion  in  the  main  experiment. 

Group  1 of  the  main  experiment  was  electrically  tested  at  the 
beginning  and  end  of  the  experiment  and  serves  to  detect  any  effect 
of  electrical  testing  when  compared  to  the  control,  Group  2.  Group  2 
was  electrically  tested  whenever  other  groups  were  tested  and  served 
to  establish  any  correction  factors  required  to  compensate  for  test 
equipment  deviations.  Electrical  tests  were  performed  initially  every 
five  days  of  accelerated  aging,  before  and  after  irradiation,  and  also 
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at  the  conclusion  of  th«  experiment.  Parameters  were  measured  using 
the  Tereadyne  J259/261  automatic  test  system  and  recorded  on  paper 
printout  (see  Appendix  3)  and  punched  paper  tape  for  computer  analysis. 


Table  4-5  Main  Experiment 
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CHAPTER  V 


THE  MAIN  EXPERIMENT  AND  DATA  ANALYSIS 


A total  of  500  devices  of  each  type  was  procured  and  serialized 
for  the  main  experiment.  All  devices  were  from  the  same  manufacturing 
lot.  Three  hundred  and  ninety-six  (396)  of  each  device  type  (2N2222 
and  2N2907)  were  committed  to  this  main  experiment  described  in  Table 
4-5.  The  experimental  design  is  described  in  the  previous  chapter 
(See  Table  4-5).  There  are  33  groups,  and  each  group  contains  12 
items.  Measurement  of  BV^jjq  and  Hp£  were  made  initially  on  each  group. 
Groups  2 through  26  were  tested  periodically  during  the  experiment,  but 
group  1 was  not  tested  and  serves  as  the  control  group.  The  remainder 
of  the  groups  were  allocated  for  temperature  stress  and  irradiation  as 
shown  in  Table  5-1. 

The  purpose  of  the  main  experiment  is  to  obtain  data  on  the  break- 
down voltage  BVcb0  and  Hp£  parameters  as  a function  of  neutron  irrad- 
iation and  aging.  The  neutron  irradiation  effects  on  semiconductors 
can  be  divided  into  short  term  and  long  term.  After  irradiation,  semi- 
conductors recover  from  neutron  irradiation  rapidly  in  the  short  term, 
and  this  phenomenon  is  called  short  term  annealing^  (usually  in  hours 
but  a maximum  of  10  days) . The  effect  of  the  short  term  annealing  was 
specifically  not  considered  in  this  investigation.  The  effect  under 
investigation  is  the  permanent  long-term  damage.  In  order  to  conduct 
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Table  5-1  Experimental  Matrix  Shoving  Group  Number  from  Table 


Irradiation 

levels 


Pre-aged 

Post-aged 

Temperature 

Temperature 

B 

B 

D 

B 

B 

9 

12 

15 

6A 

18 

10 

13 

16 

7A 

19 

11 

14 

17 

8A 

20 

3A 

4A 

5A 

2A 

3B 

18  21  24  6B 


19  22  25  7B 


20  23  26  SB 


3B  4B  5B  2B 


I.  - (1.02  + .05)  x 101*  Neutron/cnr 

II.  ~ (4,74  + .63)  x 10^  Neutron/cm^* 

III.  - (1.14  + .29)  x 10*8  Neutron/cm^* 

IV.  - (0) 

A - 250  degrees  C + 2°  C** 

B - 275  degrees  C + 2°  C** 

C - 275  degrees  C + 2°  C** 

D - 25  degrees  C + 2°  C** 

* Measured 

**  Controlled 
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this  investigation,  the  main  experiment  was  divided  into  two  equal  aeg- 
arats.  Half  of  fcho  devices  were  allocated  to  the  experimental  condi- 
tion that  produces  accelerated  aging  befora  Irradiation.  The  second 
half  of  the  devices  were  irradiated  before  they  were  subjected  to 
conditions  intended  to  produce  accelerated  aging. 

The  groups  in  the  pre-aged  division  of  Table  5-1  were  subjected  to 
a 20-day  stressing  period  before  being  irradiated.  These  devices  were 
tested  every  five  days  during  temperature  stressing.  These  tests  along 
with  the  initial  test  produced  five  data  points  on  these  devices  before 
they  were  subjected  to  neutron  irradiation.  The  groups  were  tempera- 
ture stressed  by  being  placed  in  ovens  that  were  controlled  within 
±2%°C  as  shown  in  Table  5-1.  At  the  end  of  this  pre-aging  temperature 
stressing,  groups  6 through  26  were  sent  to  the  fast-burst  reactor  for 
irradiation.  The  actual  flux  levels  received  by  groups,  as  measured  by 
dosimetry,  is  shown  in  Table  5-1.  After  one  month  of  "cooling"  (radia- 
tion level  decay  to  a level  that  was  nonhazardous) , the  devices  were  re- 
turned for  electrical  testing. 

When  the  devices  were  received  from  the  reactor,  they  were  tested 
but  the  post-aging  temperature  stress  was  not  immediately  initiated 
because  of  unavailability  of  the  ovens.  The  time  lapse  between  the  test 
after  irradiation  and  the  starting  of  post-aging  temperature  stressing 
was  29  days.  The  test  just  before  entering  ovens  for  post-aging  was 
not  accomplished  because  of  the  unpredicted  availability  of  the 
ovens.  The  testing  of  these  devices  was  accomplished  every  five 
days  as  before,  and  at  the  end  of  20  days  the  experiment  was 
removed  from  the  oven.  The  final  test  and  the  20th  day  test  are 
the  same  in  the  post-aging  treatment.  Including  the  test  which  was 
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made  when  the  devices  were  received  from  the  reactor,  a total  of  five 
tests  were  made  on  the  devices  in  the  post-aging  section  of  the  experi- 
ment. All  devices  were  tested  at  the  completion  of  the  post-aged 
stressing,  which  produced  seven  test  measurements  on  the  devices  that 
were  pre-aged  and  six  on  those  that  were  post-aged.  The  test  were 
assigned  numbers  corresponding  to  the  days  on  which  they  were  made. 

The  test  that  was  made  upon  starting  the  experiment  is  designated  I for 
"initial"  and  the  test  after  irradiation  is  designated  AN  for  "after 
neutrons."  The  last  test  performed,  the  final  test,  is  designated  F. 

The  main  experiment  (Table  5-1)  was  derived  from  the  results  of 
the  previous  two  experiments  and  consists  of  four  radiation  levels, 
four  stress  temperatures  (including  the  25°C  case) , and  two  methods  of 
treatment.  This  degree  of  complexity  required  an  extremely  powerful 
statistical  tool  to  determine  significant  effects  and  interactions. 

The  analysis  of  variance  technique  (ANOVA)  was  selected  for  the  analysis 
tool.  This  tool  required  that  there  be  no  missing  data  and  that  the 


experimental  error  be  random  and  normally  distributed.  The  most  statis- 
tically sound  results  are  obtained  if  the  mavericks  are  removed. 


In  order  to  replace  outlying  data  points  using  the  Dixon  criterion, 
it  is  necessary  to  assume  that  the  population  from  which  the  sample  is 
drawn  is  normally  distributed.  The  total  population  is  unavailable  for 
testing  but  the  initial  measurement  of  the  parameters  was  tested  for 
normality  using  the  Lllllefors'  technique.  (The  computer  program  used 
in  this  test  is  presented  in  Appendix  B.)  The  results  are  shown  in 
Table  5-2.  The  observed  values  deviated  too  far  from  the  critical 


value  to  allow  the  assumption  that  the  population  is  normal,  and 
subsequently  the  use  of  the  Dixon  criterion.  A log 
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Table  5-2  First  Test  for  Normality 


Part 

Parameter 

D-critical 

D-observed 

2N2222 

bvcbo 

.045 

.066 

2N2222 

hfe 

.045 

.104 

2N2907 

bvcbo 

.045 

.150 

2N2907 

hfe 

.045 

.072 

Table  5-3  Outliers  Replaced  by  Group  Mean 


Device 

Group 

Test 

Parameter 

2N2222 

22 

5 

^E 

2N2222 

22 

10 

hfe 

2N2222 

22 

15 

hfe 

2N2222 

22 

F 

H 

FE 

42 


1 


transformation  of  the  2N2222  H^j.  data  was  found  to  be  normally  distri- 
buted (D-observed  of  .044)  permitting  the  use  of  the  Dixon  criterion. 

The  transformed  2N2222  Hp£  data  were  examined  for  mavericks  (out- 
liers) by  use  of  the  previously  described  Dixon  criterion*  The  trans- 
formed data  from  each  test  was  evaluated,  and  only  four  outliers  were 
found,  always  the  same  device  (identified  by  serial  number).  The  out- 
liers that  were  identified  are  shown  in  Table  5-3,  and  these  outliers 
were  replaced  by  the  mean  of  the  respective  groups. 

The  data  in  each  group  of  the  final  test  (F)  were  then  subtracted 
from  the  data  in  the  initial  test  (I).  The  results  of  this  subtraction 
were  checked  for  normality.  All  groups  of  HFE  were  found  to  be  normal- 
ly distributed,  but  the  BV^gQ  had  many  groups  that  were  non-normal. 

The  ANOVA  is  valid  only  for  the  HFE  parameters,  and  another  test  for 
BVcbo  will  be  required. 

The  ANOVA  was  conducted  on  the  difference  between  initial  and 
final  test  data  on  both  the  2N2222  and  2N2907  HEE<  The  results  of  this 
analysis  are  shown  in  Table  5-4,  and  the  computer  programs  used  are 
displayed  in  Appendix  C. 

The  ANOVA  on  the  parameter  indicates  that  both  devices  are 
sensitive  to  radiation,  temperature  stressing,  and  the  sequence  of 
exposure  (pre-aged  and  post-aged) . There  is  a high  degree  of  signifi- 
cance in  the  interactions  leading  one  to  the  conclusion  that  the  pro- 
cess involved  is  nonlinear,  but  in  any  case,  the  experiment  has  pro- 
duced change  in  the  Hp£  parameter.  Now  it  must  be  determined  if  the 
aging  can  be  modeled  so  as  to  calculate  an  accelerated  aging  factor. 

This  model  and  calculation  will  be  addressed  in  the  next  chapter. 
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Table  5-4  Analysis  of  Variance  Results 


2N2222  Hot 

FE 

2N2907  Hpg 

Factors 

wm 

11 

MS 

F ratio 

Irradiation  level 

(B) 

3 

16,125 

*108 

304,291 

*444 

Temperature 

(C) 

3 

8,763 

* 59 

39,975 

* 58 

Method  of  aging 

(D) 

1 

5,872 

* 39 

217,372 

*317 

B x C Interaction 

9 

10,160 

* 6.8 

5,932 

* 8.6 

B x D Interaction 

3 

2,144 

* 14 

29,426 

* 43 

C x D Interaction 

3 

1,172 

* 7.9 

20,984 

* 31 

B x C x D Interaction 

9 

430 

* 2.9 

4,260 

* 6.2 

Error 

352 

160 

685 

Total 

383 

Degree  of  freedom  Is  denoted  by  df,  MS  Is  mean  square,  and  * la  a 
significant  variation. 
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Factors 

Critical 

values 

Replications 

12 

F.05 

(3, 

«)  - 2 

Irradiation  levels 

4 

F.05 

(1. 

-)  - 3, 

Temperature 

4 

F.05 

(9, 

-)  - 1, 

Aging  type 

2 

384 

J 


Before  leaving  this  data  for  the  modeling  discussion,  it  is  essen- 
tial  to  determine  two  more  points:  first,  that  the  breakdown  voltage 
has  not  changed  during  the  experiment  and  second,  the  measuring  of  BVCB0 
has  not  caused  change  in  this  parameter.  The  breakdown  voltage  BVCB0 
data  can  be  analyzed  to  determine  if  any  significant  changes  occurred 
during  the  experiment. 

The  ANOVA  technique  was  used  on  but  was  not  considered  valid 
for  BVCfi0  because  the  residuals  were  found  to  be  non-normal.  The 
literature  survey  did  not  provide  any  insight  into  the  form  of  trans- 
formation required  to  produce  normality.  A number  of  transformations 
were  used  in  order  to  find  one  that  produced  normal  residuals.  This 
included  ex,  log,  in,  sin,  cos,  tan,  hyperbolic  sin,  hyperbolic  cos, 
hyperbolic  tan,  and  inverse.  No  transformation  was  found  to  produce 
normal  residuals. 
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A paired  "t"  test  was  used  to  test  the  BVCBQ  data  on  both  device 
types.  The  paired  "t"  was  performed  on  the  means,  and  the  means  are 
normally  distributed  according  to  the  Central  Limit  theorem.  The  paired 
"t"  test  was  performed  by  taking  the  difference  between  the  mean  of  the 
group  for  the  fifth  day  of  elevated  temperature  and  the  20th  day.  The 
5th  day  measurements  were  used  in  this  test  because  device  testing  was 
not  accomplished  just  before  entering  the  oven  in  the  post-aged  treat- 
ment, and  then  for  consistency  between  testing  in  both  treatments. 

The  result  of  the  paired  "t"  was  that  the  2N2907  and  2N2222  BVCBQ  were 
unaffected  by  temperature  before  or  after  irradiation.  The  results 
are  displayed  In  Table  5-5. 
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In  a similar  manner  the  paired  "t"  teat  was  conducted  between 
group  1 (untested  control)  and  group  2 (tested  control)  to  determine 
If  testing  had  effect  on  either  or  BV  no  significant  differ- 
ence could  be  found  at  a - .05.  It  is  concluded  that  testing  has  had 
no  effect  on  these  devices  and  the  can  be  assumed  to  be  constant. 


CHAPTER  VI 


RESULTS 

In  this  chapter  the  data  developed  in  the  main  experiment  are 
exercised  to  determine  If  aging  has  had  a significant  effect  on  the 
breakdown  voltage  when  exposed  to  an  environment  of  neutrons.  The 
steps  that  are  required  to  reach  this  determination  are  three:  (1) 

The  Arrhenius  model  Is  developed  for  each  device,  (2)  the 

factors  (T)  are  calculated,  (3)  the  projected  breakdown  parameter  at 

an  arbitrary  time  Is  calculated. 

The  first  significant  result  from  the  main  experiment  was  that 
the  breakdown  voltage  BVCB0  was  unaffected  by  the  experiments.  There- 
fore, for  the  remainder  of  the  discussion  these  parameters  are  assumed 
to  be  at  95  volts  for  the  2N2222  and  105  volts  for  the  2N2907. 

The  effect  of  the  main  experiment  on  the  parameters  was  not 
negligible,  and  a plot  of  percent  reduction  in  final  values  of 
group  Is  shown  In  Figures  6-1  and  6-2  and  Table  6-1.  The  percentage 
reduction  was  obtained  by  subtracting  the  Initial  group  mean.  *n»<s 
differs  from  the  technique  used  In  the  ANOVA  where  final  values  of 
Individual  devices  were  subtracted  from  their  Initial  values.  The 
error  mean  square  (EMS)  obtained  In  the  ANOVA  can  be  used  to  esti- 
mate deviation  from  the  mean.  This  Is  accomplished  by  taking  the 
square  root  of  the  EMS  and  multiplying  by  2 to  obtain  a tvo-slgma 
estimate  on  H^. 
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The  two-sigma  estimate  is  on  the  individual  device  Hj,g,  and  it  is 
desired  to  have  a two-sigma  estimate  on  the  mean.  This  is  accomplished 
by  dividing  the  two-sigma  estimate  of  Hj.g  by  the  square  root  of  the 
number  of  degrees  of  freedom  of  the  group.  The  value  of  the  degrees  of 
freedom  is  eleven  (11).  The  two-sigma  estimate  is  now  on  the  mean  Hpg. 
The  mean  must  be  divided  by  the  initial  mean  of  the  group  in  order 
to  be  converted  into  percentage.  From  Table  5-4  the  EMS  for  the  H^j. 
parameter  of  the  2N2222  was  found  to  be  160,  and  for  the  2N2907  it  was 
found  to  be  685.  The  largest  mean  of  2N2222  is  83.0  with  the  lowest 
being  74.2,  which  produces  an  estimated  two-sigma  of  9.3%  and  10.3% 
about  the  mean  respectively.  In  the  2N2907  the  largest  group  mean  is 
235,  and  the  lowest  is  171,  which  produces  an  estimated  two-sigma  de- 
viation of  6.7%  and  9.3%  respectively.  The  median  two-sigma  deviation 
from  the  mean  of  2N2222  is  9.8%,  and  that  of  the  2N2907  is  8.5%.  The 
two-sigma  limit  can  be  applied  to  the  data  displayed  in  Table  6-1. 

Referring  again  to  Figure  6-1  and  6-2,  one  should  note  that  the 
controlled  groups  in  both  devices  (no  irradiation  case)  exhibit  simi- 
lar values  and  have  similar  shapes  for  both  pre-aged  and  post-aged 
treatment.  Similarly,  one  should  note  that  the  effect  on  gain  pro- 
duced by  irradiation  alone  is  the  same  for  the  device  maintained 
at  ambient  temperature.  The  irradiation  effects  on  gain  can  be 
seen  in  Figure  6-1  and  6-2  by  examining  the  pre-aged  and  post-aged 
means  at  all  four  neutron  levels  at  25°C.  These  Initial  points  in 
the  data  for  neutron  irradiation  and  temperature  treatment  are 
sufficient  for  accepting  the  conclusion  that  the  Initial  experi- 
mental conditions  are  the  same  for  the  pre-aged  and  post-aged. 
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Pre-aged  treatment  of  the  2N2222  produced  a significantly  differ- 
ent change  in  Hpg  from  that  In  the  post-aged  treatment  as  seen  In 
Figure  6-1.  The  values  of  the  group  means  In  the  post-aged  treat- 
ment are  all  higher  (less  percentage  reduction)  for  elevated  temperature 
and  neutron  fluxes  greater  than  zero  than  the  pre-aged  values.  They 
all  differ  In  value  greater  than  the  two-slgma  estimate  (10Z)  except 
for  three  points:  (1)  250°C  and  103*  n/cm^  where  the  difference  Is  8Z, 
(2)  250°C  and  1033  n/cm3  where  the  difference  Is  5Z,  and  (3)  275°C 

and  10 13  n/cm3  where  the  difference  Is  also  5Z.  The  conclusion  that 
the  2N2222  devices  are  affected  differently  as  a function  of  device 
age  and  neutron  flux  levels  Is  validated,  and  further,  one  can  conclude 


that  the  Irradiation  of  an  aged  2N2222  Is  more  detrimental  than  Irradi- 
ating a new  2N2222  and  permitting  It  to  age. 

There  is  a significant  difference  In  the  final  values  of  2N2907 
Hpg  obtained  at  all  three  elevated  temperature  stress  levels  between 
pre-aged  and  post-aged  treatment.  This  leads  one  to  the  conclusion 
that  there  is  a significant  difference  In  parameters  between  aged  de- 
vices that  have  been  irradiated  and  un-aged  devices  that  have  been 
Irradiated.  From  the  previous  discussion  on  the  2N2222,  It  is  clear 
that  at  least  two  devices  are  sensitive  to  the  order  of  the  application 
of  aging  and  neutron  Irradiation. 

In  the  post-aged  treatment  of  the  2N2907  transistor  (Figure  6-2) , 
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defects  In  the  cry at el line  lattice  being  refilled.  A alaller  phenom- 
enon was  noted  in  the  poet-aged  treatment  of  the  2V2222  translator 
(Figure  6-1)  but  this  Increase  In  gain  vaa  not  dramatic.  *+<»*<»>«  of 
the  similar  characteristic  In  both  devices  of  Increased  g»<«  at  ele- 
vated temperature,  precise  knowledge  of  the  neutron  flux  received  by 
each  group  of  devices  dosimetry  and  the  fact  that  the  data  are  nor- 
mally distributed  about  the  mean  (points  plotted  In  Figures  6-1  and 
6-2) , It  Is  extremely  unlikely  that  the  phenomenon  displayed  In  Figure 
6-2  has  not  actually  occurred.  The  difference  between  the  two  devices 
In  the  amount  of  Increase  In  gain  (Hpg)  caused  by  elevated  temperature 
is  probably  due  to  the  difference  in  replacement  — between  the 
two  devices.  There  Is  a major  difference  In  materials,  dopants,  geo- 
metry, and  construction  between  the  two  devices.  This  phenomenon  ^11 
require  additional  Investigation  to  be  understood. 

By  comparing  the  2N2222  and  2N2907  results  as  shown  In  Figure  6-1 
and  6-2,  one  should  note  the  difference  In  performance  of  the  two  de- 
vices In  the  pre-aged  treatment.  The  2N2222  device  Is  sensitive  to 
neutron  and  stress  temperature,  but  the  2N2907  device  la  not  sensitive 
to  the  combined  effects  of  neutron  irradiation  and  temperature.  In  the 
post-aged  treatment  the  performance  of  the  2N2907  and  2N2222  are  simi- 
lar. Both  devices  have  Increased  Hpg  after  being  exposed  to  elevated 
stress  temperatures,  but  the  2N2907  has  a declining  as  stress  tem- 
perature Is  Increased  above  250°C.  The  difference  In  performance 
between  the  two  devices  leads  one  to  the  conclusion  that  either  the 
mechanism  of  neutron  damage  or  the  aging  Is  not  the  same  in  the  2N2222 
and  2N2907.  A summary  of  the  results  of  the  main  experiment  are  listed 


as  follows: 
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a)  Neither  neutron  irradiation  nor  exposure  to  elevated  tempera- 
ture produced  changes  in  BVggQ  in  either  device. 

b)  There  is  no  significant  difference  between  pre-aged  and  post- 
aged degradation  of  HFE  for  no  irradiation. 

c)  There  is  no  significant  difference  between  pre-aged  and  post- 
aged irradiated  devices  maintained  at  25°C. 

d)  There  is  a significant  difference  in  the  percentage  reduction 
in  HpE  between  pre-aged  and  post-aped  at  neutron  irradiation 
levels  greater  than  zero  for  both  device  types. 

The  results  summarized  in  (d)  are  unexpected;  the  solid  state  and 
nuclear-radiation-ef fects  literature  does  not  provide  any  insight  into 
the  phenomenon.  One  possible  conclusion  that  can  be  drawn  is  that  the 
irradiation  of  new  devices  produces  changes  in  the  accelerated  aging 
mechanism  and  subsequently,  the  accelerated  aging  factor  (T) . In  order 
to  check  this  possibility,  it  is  necessary  to  develop  the  Arrhenius 
model  for  irradiated  and  nonlrradiated  devices.  The  next  step  is  to 
develop  the  model  and  then  check  the  assumptions  necessary  for  the  use 
of  the  model. 

From  the  earlier  discussion  of  the  Arrhenius  model,  it  was  deter- 
mined that  the  elevated  temperature  treatment  must  be  linearly  related 
to  the  normal  operating  temperature.  The  achievement  of  a linear  ex- 
trapolation requires  that  the  phenomenon  under  investigation  has  two 
characteristics: 

a)  Degradation  in  performance  is  a linear  function  of  time,  and 
the  rate  of  degradation  is  dependent  on  time. 

b)  The  logarithm  of  the  degradation  rate  yields  a linear  function 
of  the  reciprocal  of  the  absolute  temperature. 

The  most  effective  and  powerful  means  of  obtaining  the  slope  of 
the  degradation  curve  (B)  and  subsequently  the  acceleration  factor  (T) 


$ 
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would  be  to  make  use  of  all  the  available  data.  The  literature  on 
the  Arrhenius  model  outlines  a two-step  process  In  which  the  first 
step  uses  the  experimental  data  to  establish  point  estimators  upon 
which  the  slope  of  the  degradation  curve  (B)  Is  estimated.  This 
method  does  not  allow  for  estimation  of  error  or  establishment 
of  confidence  levels. 

A number  of  methods  were  researched  for  possible  application 
In  this  Investigation,  but  the  one  that  held  the  greatest  promise 
was  one  described  by  Williams,1^  which  Is  an  iterative  technique. 
The  use  of  this  technique  requires  a precise  mathematical  model. 
The  model  was  developed  as  follows: 

Let  Hpriti  represent  the  data  in  the  experiment  where 
p is  (1  - pre-aged,  2 - post-aged) 
r is  radiation  level  (1  - 1 012,  2 - 5xl012,  3 - 1013, 
4-0) 

s Is  test  number  (1,  5,  10,  15,  20,  AN,  5,  10,  15,  F) 

t is  temperature  level  (0  - 25°C,  1 - 250°C,  2 - 275°C, 

3 - 300°C) 

1 Is  repetition  (1  through  12). 

It  should  be  noted  that  all  possible  locations  described  by  the 

model  are  not  filled  as  shown  in  Tables  6-2  and  6-3. 
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From  Table  6-2  and  6-3  It  can  be  seen  that  the  Arrhenius  model  can 
only  be  applied  to  nonirradiated  devices  In  the  pre-aged  condition, 
whereas  it  can  be  applied  to  devices  Irradiated  at  all  levels  of  irrad- 
iation in  the  post-aged  condition.  The  Arrhenius  model  that  will  be 
developed  in  the  nonirradiated  condition  is  based  on  data  obtained  in 
both  the  pre-aged  and  post-aged  condition.  The  model  for  the  mean  de- 
gradation of  Hfe  can  be  written 

H2r.t  - Q + Rr(T)S  + Cr  S2,  (6-1) 

where  Q is  the  intercept,  &r(T)  is  the  absolute  value  of  the  degradation 
factor,  Cr  is  the  linearity  testing  factor,  and  S is  time  in  days. 

If  this  model  is  linear,  then  Cr  must  not  differ  from  zero  signifi- 
cantly.  This  model  allows  R^T)  to  be  negative  and  further  requires 
R^T)  to  be  increasingly  negative  as  S becomes  larger.  The  Arrhenius 
model  requires  that  In  Rj.(T)  be  linearly  decreasing  as  a function  of 
the  inverse  of  the  absolute  temperature  (1/T) . The  model  for  Rr(T)  is 

In  Rr  (T)  = Ar  + Br  1/T  + Ff  (1/T)2,  (6-2) 


where  Af  is  the  Arrhenius  model  intercept,  Br  is  the  Arrhenius  model 
slope,  Fr  is  a linearity  testing  factor  (that  must  approach  zero  for  the 
Arrhenius  relation  to  apply),  and  T is  temperature  in  degrees  Kelvin. 
Converting  6-2,  one  obtains  6-3  thus: 

*r  (I)  - + ',»«  + Fr  (6.3) 

Substituting  into  6-1,  equation  6-4  is  obtained  thus: 


H2r.t  “ Q + 


SeAr  + Br  (1/T)  + Fr(l/T)2  + CrS2 


(6-4) 


I 
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The  solution  to  equstion  6-4  is  not  possible  in  a closed  form  and 
requires  an  iterative  technique.  Available  automatic  iterative  methods 
vere  investigated  to  determine  their  applicability , and  none  was  found 
to  be  adaptable  to  this  problem.  The  size  of  the  problem  demands  that 
an  automated  technique  be  developed.  An  attempt  to  develop  such  a com- 
puter program  was  undertaken,  but  its  complexity  was  overwhelming.  Be- 
cause the  development  ol'  such  a program  was  outside  of  the  research 
plan  and  would  require  an  extremely  long  time  for  development,  it  was 
abandoned.  The  only  option  remaining  was  to  revert  to  the  technique 
described  in  the  literature. 

The  first  step  that  is  outlined  in  the  literature  is  to  determine 

if  the  parameters  of  Interest  degraded  as  a linear  function  of  time. 

The  Hpg  in  the  no-radlation  treatment  was  found  to  be  degraded  as  a 

function  of  time  and  temperature.  The  degradation  was  modeled  using 

20 

linear  regression  techniques  (least  square  curve  fit).  This  satisfied 
the  first  required  characteristics  and  yielded  the  Intercepts,  slopes, 
and  correlation  factors  for  both  devices  which  are  shown  in  Tables  6-4 
and  6-5.  The  linear  curve  fit  was  performed  on  all  the  data  obtained 
at  each  measurement,  starting  with  the  initial  and  ending  with  the  20tb 


day  for  devices  in  the  pre-aged  treatment.  The  linear  curve  fit  was 


performed  on  the  data  in  post-aged  treatment  starting  with  the  5th  test 


and  ending  with  the  final  F test.  Day-zero  data  were  not  taken  Just 


before  placing  the  device  into  temperature  treatment.  The  slope  para- 


meter R(T)  for  the  no-temperature,  non-irradiation  case  is  0.172  for  the 


2N2222  and  0.08  for  the  2N2907.  These  slope  parameters  R(T)  were  tested 


using  a two-tailed  "t"  test  to  determine  if  they  were  significantly 


different  from  zero.  The  calculated  test  values  were  significantly 


Table  6-4  Least  Square  Curve  Fit  of  Test  Data  2N2222 
Model:  Hot  - Q + R(T)S,  where  S Is  in  days. 


Temperature 

(°C) 

Neutron  s-s. 

25 

250 

275 

300 

Irradiation 
levels  (n/cm2) 

Calculated  R(T) , Q,  and 


* Q*78.3 
R(T)-  0.172 
Z-  0.77 


5xl012 


10“ 


^ Q"  — 

R(T)»  — 
Z-  — 


77.5 

0.04 

0.61 


78.5 

0.03 


72.9 

0.05 

0.45 


77.8 

- 0.76 

- 0.996 


— not  calculated  — — — — 


Corrected  R(T) 


5xl0lz 


Z represents  correlation 


- 0.132 

- 0.368 

- 1.242 

- 0.142 

- 0.568 

- 1.736 

- 0.122 

- 1.03 

- 2.51 
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less  Chan  Che  cricical  value.  A possible  explanation  of  Chis  pheno- 
menon is  Che  annealing  of  manufaccuring  defects.  Because  of  iCs  small 


value,  fc(T)  was  accepCed,  and  Chis  value  is  deducCed  from  all  other 
slopes  of  Che  same  device.  This  was  done  Co  have  Che  slope  of  Che  no- 
treatmenc  case  equal  Co  zero.  Over  Che  shore  Cirne  of  Chis  measure- 
menC  (4  monChs)  Chis  slope  should  be  zero.  WiCh  Chis  correcCion  made 
Co  Che  &(T)  parameter,  all  linear  curves  are  decreasing  as  a funcCion 
of  time,  and  each  successive  stress  level  has  a higher  negative  value. 

Linear  regression  was  not  conducted  on  the  data  obtained  at  10XJ 

2 19  2 

n/cm  level  because  of  the  nonconformance  of  the  5xlOxx  n/cm  case  to 

s 

the  first  characteristic  of  the  Arrhenius  model  (i.e.  linearly- 
decreasing  HFE  with  elevated  temperature)  and  the  similarity  of' 
form  of  the  lO^  n/cm^  data  to  the  5xl0^  n/cm^  case. 

The  corrected  slope  parameter  R(T)  now  satisfies  the  requirement 
of  the  Arrhenius  model.  The  next  step  is  to  determine  if  the  linear 
characteristic  of  In  R(T)  is  satisfied. 

The  second  characteristic  was  checked  by  plotting  the  In  R(T) 
on  graph  paper.  This  was  done  for  both  the  2N2222  and  2N2907  Hpg  no- 
irradiation and  1012  n/cm2  cases  and  is  shown  in  Figure  6-3  and  6-4 
respectively.  A least-square-curve  fit  was  conducted  on  each  set  of 
R(T)  with  the  results  shown  in  Tables  6-6  and  6-7 . The  absolute  value 
of  the  correlation  coefficient  approach  one,  indicating  a linear  model 
produces  a good  fit  to  the  data.  This  further  substantiates  the 
conclusion  that  In  R(T)  is  linear. 
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x - 1012  n/cm2 


Reciprocal  of  absolute  temperature  (1/°K) 

Figure  6-3  Degradation  rate  vs  Inverse  of  absolute  temperature 
for  2N2222 


Reciprocal  of  absolute  temperature  (1/°K) 


Figure  64 
for  2R2907 


Degradation  rate  vs  Inverse  of  absolute  temperature 


Table  6-6  Least  Square  Curve  Fit  of  the  R(T) , 2N2222 


^Irradiation 

^^v^level 

Parameter 

0 n/cm2 

1012  n/cm2 

A 

22.8 

26.7 

B 

-13.0xl03 

-15.0xl03 

Z 

- 0.995 

- 0.999 

Model:  LnR(T)  ■ A + BY,  Y » A “ Intercept,  B - the  slope,  and  Z • 
correlation  coefficient. 

Table  6-7  Least  Square  Curve  Fit  of  the  R(T),  2N2907  Hpg 


^^Irradiation 

^""^^level 

2 

0 n/cm 

1012  n/cm2 

Parameter 

A 

12.9 

16.9 

B 

- 7.82xl03 

- 9.7xl03 

Z 

- 0.999 

- 0.988 

Model:  LnR(T)  ■ A + BY,  Y ■ i,  A ■ Intercept,  B ■ the  slope,  and  Z • 
correlation  coefficient. 


Mow  that  a true  acceleration  has  been  found,  the  accelerated  aging 
factor  can  be  determined,  but  before  completing  this  calculation,  the 
activation  energy  to  start  the  process  will  be  examined.  The  calcu- 
lation Involves  the  R(T)  factor  which  has  just  been  determined  and 
the  aquations  previously  presented  (Equation  3-13): 
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(3-13) 


R(T^)  and  R(T2)  can  be  derived  from  the  equation  of  least  square 
curve  fit,  but  for  the  temperature  of  250°C  and  300°C,  the  values 
of  R(Tj)  and  R(T2>  can  be  read  directly  from  Tables  6»-4  and  6-5. 
The  results  of  the  activation  energy  calculation  are  shown  In 
Table  6-8. 

Table  6-8  Calculated  Activation  Energies 


. Device 

Irradiation  lavaT  — 

2N2222 

2N2907 

No  irradiation 

1.17  ev 

0.65  ev 

10^  n/cm3 

1.27  ev 

0.85  ev 

These  values  for  the  2N2222  devices  are  within  the  range  that  was 
predicted  In  the  literature  for  aging  effects,  but. the  2N2907  is  at 
the  level  of  radiationless  transition.  The  results  are  consistent 
within  device  types  and  indicate  that  the  neutron  Irradiation  has 
not  Invalidated  the  accelerated  aging  technique. 

The  next  step  is  to  calculate  the  acceleration  factor  (T) 
where  the  acceleration  factor  is  defined  by  the  relation  as  pre- 
sented in  Equation  3-8. 

S2  - T Si  (3~8) 

where  S2  is  real  time  in  days,  and  Sj  is  time  at  a stress  level 
in  days. 
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The  calculation  of  the  acceleration  factor  (T)  requires  that  a normal 
stress  level  be  established.  Let  the  stress  level  of  real  time  be  at 
two  levels.  The  normal  stress  levels  usually  assumed  for  semiconduc- 
tors are  25°C,  which  is  the  normal  storage  temperature,  and  100°C, 
which  can  be  assumed  to  be  normal  operating  temperature.  The  accel- 
eration factor  (T)  can  now  be  calculated  for  devices  in  storage  and 
in  operation.  Using  equation  3-10, 


-B(l/Ti  - 1/T2) 


(3-10) 


where  Tj  is  absolute  temperature  from  which  one  can  calculate  the 
acceleration  factor.  For  example,  let  the  real  time  S2  be  at  25°C, 
the  storage  case,  and  the  time  be  at  the  stress  level  temperature 
at  250°C.  The  B term  is  shown  in  Tables  6-6  and  6-7. 

Now  for  a sample  calculation,  let  the  device  be  the  2N2222  and 
the  parameter  Rpg.  The  value  of  B is  obtained  from  the  table  and  is 


-13.0xl03  for  the  no-irradiation  case  and  -15.0xl03  for  a flux  level 


12  2 

of  10  n/cm  . Now  the  acceleration  factor  can  be  calculated. 


a)  no-irradlation  case 

-13.0x103  f-i-.-i- 


T = e 


r Li L-i 

1523  298J 


-13.0xl03  t 1.91  - 3.35]  x 10 


[13]  [1.44] 


* 134  x 106 
2 

i/cm  cat 
-15.0x103 


b)  lO^-3  n/cm^  case 


T « e 


[_523  298j 


-15 .0x103  [1.44x10-3] 


2403  x 10* 


The  results  of  the  celculetlon  of  the  acceleration  factor  are  shown 
In  Table  6-9. 

The  next  step  Is  to  calculate  the  parameter  H^g  at  an  arbitrary 
time,  based  upon  the  above  acceleration  factor  and  the  calculated 
breakdown  voltage. 


Table  6-9  Acceleration  Factor  (T)  for  Elevated  Stress  Temperature 
Related  to  Storage  (25°C)  and  Operation  (100°C)  Temperature 


N.  Strooa 

t«p«nMn 

Storod  (25°C) 

IrndUtioaN^ 
lorol  (o/cn1)  X. 

230°C 

275°C 

300°C 

Operation  (100°C) 


No 

13.4xl07 

1012 

2.4x10® 

No 

7.77x10*1 

1. 81*10® 

2.2*10* 

7.1*10* 

2.03x10s 

4.82xl010 

10.3x10* 

4.0x10s 

1.33x10* 

2H2907  Hyj 


1.57xl05 

3.71*10S 

412 

833 

1.53x10s 

2.79x10* 

8.1x10* 

1.73*10S 

4.2xl03 

9.12xlOS 

The  Qpg  parameter  of  the  two  devices  can  be  predicted  for  any 
real  time  S.  Using  the  calculated  accelerating  factor  T In  Table 
6-9,  the  number  of  days  of  stressing  at  2S0°C  can  be  calculated  to 
produce  the  same  effect  as  being  stored  for  a selected  number  of  days 
at  2S°C.  Table  6-10  shows  the  results  for  S - 3000  days.  The  data 
In  this  table  Indicates  that  3000  days  at  25°C  will  not  produce  any 
significant  change  In  the  Hgg  parameter. 
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Table  6-10  Number  of  Days  of  Stress  at  250*C  to  Produce  Equivalent 
of  3000  Days  at  25°C 


Repeating  the  process  for  the  devices  that  are  operated  at  100°C, 
one  can  obtain  the  number  of  days  at  250°C  to  produce  the  same  effect 
as  being  operated  for  3000  days.  The  results  of  these  calculations 
are  displayed  in  Table  6-11. 

Table  6-11  Number  of  Days  of  Stress  at  250°C  to  Produce  Equivalent 
of  3000  Days  at  100°C 


Employing  the  degradation  curve  In  Tables  6-2  and  6-3 , the  values 
of  Rpg  at  the  end  of  3000  days  can  be  calculated  and  are  shown  In 
Table  6-12. 


Table  6-12  Calculated  for  3000  Days  at  100°C 
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105,  and  for  2N2222  ■ 95  can  be  used  to  calculate  the  value  of 


collector  to  emitter  breakdown  BVCBQ  after  aging  for  3000  days  with 

and  without  being  Irradiated.  Because  of  the  small  change  In 

and  the  Insensitivity  of  the  BV^p  parameter  to  change  In  no 

calculation  of  the  BV^q  is  required.  No  change  In  3000  days  of 

operation  can  be  predicted  for  BV__  . 

CEO 

If  an  acceleration  factor  could  have  been  found  for  higher  neutron 
fluxes,  then  the  significant  change  in  H^g  at  hlgh-dose  rate  may 
have  produced  a significant  difference  In  breakdown  voltage. 


CHAPTER  VII 


CONCLUSIONS 

This  investigation  does  not  support  the  assertion  that  there  will 
be  a significant  change  in  the  breakdown  voltage  BV^^q  in  aged  devices 
as  a function  of  neutron  irradiation  at  least  to  10  n/cm  level. 

This  result  is  derived  from  the  lack  of  sensitivity  of  the  collector- 
to-base  breakdown  voltage  B VCBQ  to  both  neutron  irradiation  and  aging 
and  the  small  changes  in  RpE  that  were  predicted  over  3000  days  of 
storage  and  operational  conditions.  This  Investigation  yields  some 
startling  results  in  the  area  of  breakdown  voltage  testing.  Even 
though  a device  is  not  carried  into  second  breakdown,  testing  of  the 
breakdown  voltage  can  produce  changes  in  device  parameters.  A second 
unexpected  result  was  that  the  gain  (Hpg)  of  aged  devices  responds 
differently  to  neutron  irradiation  from  that  of  unaged  devices. 

The  accelerated  aging  and  neutron  irradiation  failed  to  produce 
significant  changes  in  the  collector  to  base  breakdown  voltage  BVCB0 
for  either  the  2N2222  or  the  2N2907 . This  result  was  not  totally 
unexpected  from  the  theory  of  accelerated  aging  and  neutron  irradi- 
ation, but  it  was  an  essential  element  in  the  determination  of  the 
collector  to  emitter  breakdown  voltage  BVq£q,  and  for  this  reason, 
it  was  included  in  this  Investigation. 

The  irradiation  of  devices  that  were  not  stressed  with  elevated 
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temperature  produced  changes  In  that  are  consistent  with  the  ex- 

21 

pected  and  previously  reported  results.  The  of  the  devices 
that  were  aged  after  Irradiation  Is  consistently  lower  than  those 
aged  before  Irradiation;  and  at  large  flux  levels  (at  and  above 
5xl012  n/cm2 * * * * * * * 10),  these  dlffereneces  become  extremely  large.  This  ob- 
servation applies  to  both  the  2N2222  and  2N2907  transistors  and  In- 
dicates there  is  a significant  difference  In  the  results  obtained 
when  devices  are  aged  before  Irradiation  and  when  they  are  aged  after 
irradiation.  An  extended  experiment  should  be  conducted  to  determine 
if  the  observed  result  Is  a general  condition  or  a condition  peculiar 
to  these  two  devices.  The  extended  experiments  should  be  conducted 
on  different  device  types  with  similar  and  different  operating  char- 
acteristics and  construction  techniques. 

12 

The  Arrhenius  model  was  developed  for  both  devices  at  0 and  10 

2 

n/cm  flux  levels  and  was  found  to  meet  the  constraint  on  the  use  of 

the  model.  A "true"  acceleration  factor  was  found,  and  this  factor 
was  used  to  predict  the  Hpg  parameter  at  3000  days.  The  predicted 

Hpg  was  used  to  determine  the  collector  to  emitter  breakdown  voltage 

®^CE0*  was  determined  that  irradiation  at  10^2  neutrons  per  square 

centimeter  does  not  produce  significant  changes  In  this  breakdown 

voltage  within  the  normal  life  of  the  device. 

Acceleration  at  higher  levels  of  irradiation  (5xl012  n/cm2  and 

10  n/cm  ) was  not  accepted  as  true,  and  an  acceleration  rate  could 
not  be  determined  for  those  cases.  At  these  levels  one  could  expect 
to  find  different  breakdown  voltage  In  aged  and  imaged  devices.  With- 
out an  acceleration  factor  to  determine  relative  age,  no  meaningful 
comparison  could  be  made.  Additional  experimentation  and  probably 


: 


\ 


71 


• different  model  would  be  required  to  develop  a method  of  determining 
the  aging  factor  at  thase  levels. 

The  assertion  made  by  Budensteln  that  damage  does  not  occur  until 
second  breakdown  la  reached  was  not  sustained  by  this  Investigation. 
The  analysis  of  the  data  from  the  first  experiment  Indicates  that 
continual  testing  of  within  the  first  breakdown  limit  produced 

changes  In  the  parameter's  means  and  first  moments  about  the  mean.  A 
detailed  Investigation  of  the  mechanism  that  produced  this  change  In 
the  2N2537  as  a function  of  testing  of  should  be  undertaken  to 

add  to  the  Information  that  has  been  developed  on  transistor  damage. 

A predictive  model  should  be  developed  that  will  permit  the  estimation 
of  change  that  will  be  caused  by  exceeding  the  breakdown  voltage 

®W- 

The  activation  energy  of  the  2N2222  was  consistent  with  the  pre- 
vious vork  on  aging,  but  the  2N2907  activation  energy  was  in  the  same 
range  as  radiationless  transition.  This  latter  finding  leads  one  to 
the  conclusion  that  the  aging  mechanism  is  not  the  same  for  both 
devices.  Adlltlonal  study  is  required  to  determine  why  these  differ- 
ences occurred  and  what  physical  mechanism  of  aging  Is  the  prime 
factor. 

In  addition,  neutron  irradiation  was  found  to  affect  the  acceler- 
ated aging  factor  and  activation  energy.  An  Investigation  should  be 
conducted  from  both  the  solid  state  theory  and  physics  of  failure 
viewpoints  to  determine  why  this  phenomenon  occurs  and  to  model  such 
occurrences  for  predicting  future  response  to  neutron  Irradiation. 

Both  the  2TI2222  and  2N2907  devices  showed  a tendency  to  recover 
gain  (Hyg)  when  subjected  to  elevated  temperature  after  being 
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irradiated . This  tendency  to  recover  Is  considerably  more  pronounced 
In  the  2N2907  than  In  the  2N2222  transistor.  The  difference  In 
recovery  could  be  due  to  difference  in  construction,  geometry,  doping, 
or  material.  An  experiment  should  be  conducted  varying  parameters 
until  an  understanding  of  this  mechanism  Is  obtained. 

The  Arrhenius  model  that  was  used  In  this  research  Is  a two-step 
model  that  does  not  allow  error  estimation  or  confidence  level  to  be 
established  on  the  activation  energies  and  acceleration  factors.  It 
would  be  extremely  valuable  In  future  accelerated  aging  studies  to 
have  a model  that  would  use  the  experimental  data  In  such  a manner 
to  permit  these  confidence  Intervals  to  be  established. 
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APPENDIX  A 


DEVICE  CHARACTERISTICS 

A.  1N4148  switching  diode: 

(1)  VR  = 75  V 

(2)  tRR  = 4 nsec 

(3)  Ip  = 10  mA  at  1 V 

(4)  I - 25-mA  at  20  V and  25°C 

(5)  C *=  4 pF  at  0 V 

B.  2N2222: 

(1)  P = 500  mW  at  25°C 

max 

(2)  fT  - 300  MHz 

<3>  BVCB0  = 75  V 
(4)  BVce()  = 40  V 

<»  bvebo  - 6 v 

(6)  ICB0  (max)  = 800  mA 

(7)  ICB0  - 10  mA  at  60  V and  25°C 

(8)  CQB  - 10  pF 

C.  2N2537  medium-power  NPN  transistor: 


(1) 

P 

= 800 

mW 

max 

(2) 

fT  ‘ : 

250  MHz 

(3) 

bvcbo 

= 60 

V 

(4) 

bvceo 

- 30 

V 

(5) 

bvebo 

- 5 V 

(6)  1^  (max)  * 800  mA 


Presented  in  this  appendix  are  the  final  measurements  made  on 
the  2N2907.  Each  sheet  lists  the  group  and  the  data  on  which  the 
measurements  were  taken.  The  mean  and  standard  deviation  of  the 
measurements  are  calculated  and  printed  automatically. 


SUBGROUP  <3  A 


TEST  JO  OATE  OCT  1 0 1977 


2N2907  SPECIAL  TEST 


BVCBO 

*UA 

MFE 
100UA 
*10V  . 

v K.S 

IS 

83.8 

294.1 

14 

112.6 

192,3 

15 

112.1 

188,6 

16 

111.5 

108,6 

17 

109,0 

161.2 

16 

90.6 

192,3 

19 

105.1 

153.8 

20 

101.5 

151,5 

21 

106,5 

172.4 

22 

108.5 

196,0 

23 

109.0 

181.8 

24 

113.9 

212.7 

PARAMt  NO,  1 

CELL  WIDTH  1 

« OF  UNITS  12 

10. 0X  PT.  85.2 

15. 9X  PT.  98.8 

MEDIAN  108. 
84, IX  PT.  112. 

90.0X  PT.  113, 

MEAN  100. 
SIGMA  9.30 

PARAM,  NC,  2 

CELL  WIDTH  1 

« OF  UNITS  12 

10. 0X  PT.  118, 

15. 9X  PT.  148, 

MEOIAN  ' 182, 
84, IX  PT.  198, 

90. 0X  PT.  210, 

MEAN  184, 
SIGMA  44.0 


AH50214 


A 1150240 


SUBGROUP 


TEST  DATE  OCT  i 0 1977 


2N2907  SPECIAL  TEST 


1 


BVCBO 

HFE 

1UA 

100UA 

10V 

1 

109,9 

163.9 

2 

105.6 

232.5 

3 

113.0 

183,6 

4 

113,6 

192.3 

5 

114.4 

204,0 

6 

103.7 

204,0 

7 

106.9 

222.2 

8 

114.4 

147.0 

9 

115.1 

208.3 

10 

98,6 

277.7 

11 

109,5 

181.8 

12 

111.5 

131.5 

ttlS  PAQK  IS  BdSST  QUALITY  TIUCtlCAfiUi 
IBoil  OQPY  JUKLSHBD  IODDQ  


PAHAM.  NO.  1 
CELL  WIDTH  1 
• OF  UNITS  12 


10. 0X  PT.  099, 

15. 9X  PT.  103, 

HEOIAN  110. 

84. IX  PT.  114, 

90, 0X  PT.  114. 

MEAN  110. 

SIGMA  5,00 

PARAM.  NO.  2 

CELL  WIDTH  1 

« OF  UNITS  12 

10.0X  PT.  135. 

15. 9X  PT.  146, 

MEDIAN  192. 

64. IX  PT.  223. 

90. 0X  PT.  231. 

MEAN  196. 

SIGMA  39,0 


SUBGROUP 


'MOM  OOFY  JMRBLSHH)  TO  DOC  .. 


test  R^u  date  OCT  i 1 1977 


A 1150262 


2N2907  SPECIAL  TEST 
BVCBO  HFE 


UFA- 

100UA 
10V  • 

a 

25 

25 

113.5 

181,8 

26 

108,1 

156.2 

27 

98.9 

263.1 

28 

103.5 

243.9 

29 

102. 7 

98.03 

30 

110.1 

181.8 

31 

109.6 

204.0 

32 

102.2 

243.9 

33 

113.7 

204,0 

34 

108.1 

186,6 

35 

101.8 

243.9 

36 

80,2 

303,0 

PAHAM. 

NO, 

1 

CELL  WIDTH  1 
* OF  UNITS  12 

10. ex  PT.  <14.3 
15, 9X  PT.  97,3 
MEDIAN  104. 
84. IX  PT.  110. 
90.0%  PT.  112. 


mean  us. 

SIGMA  9.10 

P AW  AM  , NO.  2 

CELL  WIDTH  1 

* OF  UNITS  12 

10. 0X  PT,  110, 
19. 9X  PT.  191. 

MEDIAN  197, 
84. IX  PT,  240. 
90. OX  PT.  259. 


! 


97 


.*  " '■**>«*:  «wu«--  "■  " ‘ 

SUBGROUP  3 A TEST  F DATE  OCT  i 0 1377 


A1150246 


2N29 07  SPECIAL  TEST 


BVCBO 

HFE 

1UA 

100UA 

10V 

37 

98.9 

181,8 

38 

102.3 

156,2 

39 

112.4 

161.2 

40 

100.6 

263.1 

41 

91.9 

217.3 

42 

113.7 

212,7 

43 

113,4 

212.7 

44 

107.7 

217,3 

45 

104,2 

238.0 

46 

113.8 

232,5 

47 

jor/?  P73 

t*.  0.  4- 

46 

106.6 

222,2 

Win  PASS  IS  BBS?  QUALtrr  PSACTVABH 
ISON  OOPY  nnUSHB)  TODD.C 


param.  NO,  1 
CELL  WIDTH  1 
« OF  UNITS  12 


10. OX  PT. 
15,  PX  PT. 

MEDIAN 
84. IX  PT. 
90, 0X  PT. 
MEAN 
SIGMA 


24.8 

84.8 
104, 

ns. 

ns. 

29.2 


P ARAM,  NO.  2 
CELL  WIDTH  1 
• OF  UNITS  11 


10. 0X  PT.  157. 

15. 9X  PT.  160. 

MEDIAN  214. 
84. IX  PT.  254. 

90.0X  PT.  238, 

MEAN  210,^ 
SIGMA  32,0 


IBIS  PA®  XS  BEST  QUALITY  P1U€XX£A&H 
roo*  corn  fjrkishhd  ro  ddc 


98 


SUBGROUP  33  TEST  F 


OATE  OCT  i 0 1377 


2N2907  SPECIAL  TEST 


' 8 VC BO 
1UA 

HF*C, 

100UA 

10V 

48 

49 

107.9 

227.2 

50 

108,7 

232.5 

51 

101.1 

149,2 

52 

111.4 

200,0 

53 

88.5 

285.7 

54 

88.4 

270,2 

55 

105.2 

140.8 

56 

114.2 

217.3 

57 

105,  B 

243.9 

58 

106,0 

204,0 

58 

113.7 

192,3 

60 

109,8 

163.9 

PARAM. 

NO. 

1 

CELL  WIOTH  1 

# OF  UNITS  12 

10. BX  PT.  88,4 

15. 9X  PT.  88.5 

MEDIAN  106, 
84. IX  PT.  Ill, 

80. ex  PT.  112, 

MEAN  105, 
SIGMA  8,60 

PARAM,  NO,  2 

CELL  MOTH  1 

* OF  UNITS  12 

10.0X  PT.  143. 

15. PX  PT,  148, 

MEDIAN  204, 
84, IX  PT.  247. 

90.0X  PT,  265, 

MEAN  211. 
SIGMA  45.0 


A1150250 


;»UL,"v  v 

Vk  .i 

* P * 1 til  l 

*-»* — 

f s . 

SUBGROUP 

VA  TEST  F 

2N2907 

SPECIAL  TEST 

BVCBO 

MFE 

1UA 

100UA 

10V 

61 

61 

109.0 

169.4 

62 

100.4 

243,9 

63 

93,7 

222*2 

64 

104,2 

243.9 

65 

96.8 

192.3 

66 

108.4 

158.7 

67 

111.5 

178,5 

68 

85.2 

285.7 

69 

95.2 

185,1 

70 

109.9 

149.2 

71 

113,5 

192.3 

72 

103,7 

188,6 

PARAM.  NO. 

1 

CELL  WIDTH 

1 

« OF  UNITS 

12 

10. 0X  PT 

, 86 

.9 

15. 9X  PT 

93 

.0 

date  "CT  12  1977 


A1150343 


20X8  FAB  IS  BUST  QUALITY  FRA.CTICABJJ 
ITOM  OQJPY  TUmLSHB)  H>  DM 


MEDIAN  102, 
84. IX  PT.  US. 
90. 0X  PT.  112. 
MEAN  103. 
SIGMA  8.70 

PARAM.  NO.  2 

CELL  WIDTH  1 

* OF  UNITS  12 

10. 0X  PT.  151. 
15. 9X  PT.  158, 
MEDIAN  189, 
84, IX  PT.  234. 
90. 0X  PT.  242. 
MEAN  201, 
SIGMA  40,0 


100 


■ ■ -r  .vwt  MRS  PAQE  IS  BIST  QUALITY  FRACTI&ABIJ 
'*  » c ihom  oan  ruroiisHaD  toUdq 


subghoup  test  f date  OCT  1 2 1977  A1150345 


2N2907  SPECIAL  TEST 


BVCBO 

HFE 

1UA 

100UA 

10V 

73 

73 

109.7 

208.3 

74 

99.4 

256,4 

75 

113.5 

227.2 

76 

109.7 

196,0 

77 

107.2 

263.1 

78 

98.7 

263,1 

79 

106.3 

222.2 

80 

99,2 

129.8 

81 

87.0 

285.7 

82 

105.8 

161.2 

63 

113.3 

172.4 

84 

108,5 

192,3 

PARAM, 

NO. 

1 

CELL  WIDTH  1 

« OF  UNITS  12 

10. PX  PT.  89,4 

15. 9X  PT.  97.7 

HEDIAN  196. 
84, U PT.  IIP. 

98, 0X  PT.  112. 

MEAN  105. 
SIGMA  7.70 

PARAM,  NO,  2 

CELL  wIOTH  1 

N OF  UNITS  12 

10, PX  PT,  136, 

15.9X  PT,  158. 

MEDIAN  208. 
S4.1X  PT.  260, 

90.0X  PT.  262, 


' -T, . - r,v  J r.;  3 ^ Kf  MQS  Z6  WST  QUALITY  PRACTICABLI 

u — ffM*  QQgY  TWBLSfflP  TO  DPO 101 

SUBGROUP  S'*  TEST  F DATE  OCT  1 0 1977  A 1150254 


2N2907  SPECIAL  TEST 


BVCBO 

HFE 

1UA 

100UA 

10V 

65 

113.2 

149.2 

86 

105.2 

185.1 

87 

105.4 

238,0 

88 

113.4 

196,0 

69 

109,8 

192.3 

90 

104.3 

188.6 

91 

100.7 

131.5 

92 

110,5 

188,6 

93 

109.2 

144.9 

94 

109.2 

232.5 

95 

98,7 

192,3 

96 

106,9 

175.4 

PARAM,  NO.  1 

CELL  KIOTH  t 

• OF  UNITS  12 

10. 0X  PT.  099. 

15. 9%  PT.  101. 

hed Ian  tee. 

S4. IX  PT.  ill. 

90. 0X  PT.  112. 

MEAN  107. 
SIGMA  4.60 

PARAM.  NO.  2 

CELL  NIOTH  1 

* OF  UNITS  12 


10.0X  PT.  IBS. 

15. 9X  PT.  144. 

MEDIAN  167. 
64. IX  PT.  200, 

90, 0X  PT.  226, 

MEAN  165, 
SIGMA  32.0 


102 


IBIS  PAW  IS  MSI  QUALITY  PRMJtlCABU 
t&m  oojpy  nwusa®  ro  ddo  — ^ 


SUBGROUP  S£  TEST  F DATE  OCT  1 0 1977  A1150258 


2N2907  SPECIAL  TEST 


BVC60 

HFE 

1UA 

100UA 

10V 

97 

97 

101.7 

149.2 

96 

114,2 

175,4 

99 

110,8 

208,3 

100 

110,8 

188,6 

101 

104.6 

192.3 

102 

100.7 

158,7 

103 

113.0 

153,8 

104 

106,3 

192.3 

105 

110.8 

121.9 

106 

113.8 

175.4 

107 

112.3 

212,7 

108 

106,1 

126,5 

PARAM,  NO 

. 1 

CELL  NIOTH  1 

* OF  UNITS  12 

10, 0X  PT. 

103. 

15. 9X  PT. 

105, 

MEOIAN 

110, 

84, IX  PT. 

113, 

90. 0X  PT. 

113. 

MEAN 

110. 

SIGMA 

4,00 

PARAM,  NO,  2 
CELL  HIOTH  l 
n OF  UNITS  12 


10. 0X  PT,  123, 

15, 9X  PT,  127, 

MEDIAN  167, 
64, IX  PT.  194, 

90. 0X  PT,  205, 

HEAN  171, 
SIGMA  30,0 


* « •■%*  »(  - i , 


103 


SUBGROUP 


6fii  test  F date  OCT  1 i 1977  /^1150304 


2N2907  SPECIAL  TEST 


217 


BVCBO 

HFE 

1UA 

100UA 

10V 

217 

105,5 

158.7 

210 

112.0 

114.9 

219 

06.1 

175.4 

220 

107.5 

114.9 

221 

96.5 

161.2 

222 

90.4 

161.2 

223 

110.8 

112.9 

224 

111.8 

101.0 

225 

113.8 

100.6 

226 

96.3 

138,6 

227 

67.2 

181.8 

228 

95.6 

120,4 

«I>  PASS  B 

UIQK  OOPY  WHSUSHB  TO  MMJ  - 


PARAM,  NO.  1 
CELL  NIOTH  1 
« OF  UNITS  12 


10. 0X  PT.  86.3 

15.9X  PT.  87.1 

MEDIAN  96.5 
04. IX  PT.  112. 

90.0X  PT.  112. 

MEAN  101. 
SIGMA  10,4 


PARAN,  NO.  2 
CELL  NIOTH  1 
0 OF  UNITS  12 


10,0X  PT,  103, 

1S.9X  PT.  IBS. 

MEOIAN  120, 
04. IX  PT.  162. 

90, ex  PT,  172. 

MEAN  137. 
0XGKA  29.0 


104 


T8I8PAQH8 
raOMOWfX 


P1UCT1C1BU 



’^o 


SUBGROUP  <b  3 TEST  F DATE  OCT  1 1 1977  A 1150306 


2N2907  SPECIAL  TEST 


BVCBO 

1UA 

HFE 

100UA 

10V 

229 

229 

113,8 

119.0 

230 

102.1 

114.9 

231 

112.9 

121.9 

232 

112.6 

119.0 

233 

100,6 

158.7 

234 

104.3 

91.74 

235 

113.2 

88.49 

236 

111.7 

116,2 

237 

105,8 

129.8 

238 

109,4 

74.07 

239 

110.6 

120.4 

240 

105,4 

98.03 

PARAM. 

NO. 

1 

CELL  MIOTH  1 
* OF  UNITS  12 


i 


lei.ex  pt.  lei. 

15, SX  PT,  102. 

MEDIAN  109, 
84, IX  PT.  1U, 
9S. ex  PT.  113, 
MEAN  109, 
SIGMA  5,00 

PARAM.  NO.  2 

CELL  WIDTH  1 
• OF  UNITS  12 

10. 0X  PT.  77,0 
15. 9X  PT.  87.3 
MEDIAN  115, 
84. IX  PT.  123, 

90.0X  PT.  128. 

MEAN  113, 
SIGMA  22.2 


SUBGROUP  7f\  TEST  F DATE  CCT  1 i 1977  A 1150312 


2N2907 

SPECIAL 

TEST 

BVCBO 

HFE 

1UA 

100UA 

10V 

241 

241 

107.8 

39.52 

242 

107.8 

53.47 

243 

106,3 

41.84 

244 

113.8 

53.47 

245 

111.3 

45,24 

246 

111,8 

49,75 

247 

106.9 

57.14 

248 

110.2 

51.54 

249 

102.6 

57.47 

250 

114.2 

45,45 

251 

114,0 

45.45 

252 

113,5 

53.76 

PARAM.  NO. 

1 

CELL  WIDTH 

1 

R OF  UNITS 

12 

10. 0X  PT. 

104. 

15. 9X  PT. 

106. 

MEDIAN 

110. 

84, IX  PT. 

113. 

90. 0X  PT. 

113. 

MEAN 

110. 

SIGMA 

4.00 

PARAM.  NO. 

2 

CELL  WIDTH 

1 

• OF  UNITS 

12 

10.0X  PT. 

40.0 

15.9X  PT. 

41.6 

MEDIAN 

49.8 

S4.U  PT. 

54.1 

90. 0X  PT. 

56.5 

MEAN 

49,5 

SIGMA 

8.90 

106 


SUBGROUP  73  TEST  f DATE  GOT  1 1 1977  A 1150314 


2N2907  SPECIAL  TEST 


BVC80 

HFE 

1UA 

100UA 

lev 

253 

108.0 

40.65 

254 

78.5 

67,11 

255 

111.6 

46.78 

256 

101.6 

49.01 

257 

88.8 

66.22 

2S6 

112.2 

46.29 

259 

113.4 

45,04 

260 

82,3 

65.78 

261 

108.7 

39.84 

262 

99.7 

45.45 

263 

104,6 

44,84 

264 

103.1 

48,07 

PARAM,  NO. 

1 

CELL  WIDTH 

1 

* Of  UNITS 

12 

10. 0X  PT. 

79.3 

15. 9X  PT. 

82.0 

MEDIAN 

103. 

84. IX  PT. 

111. 

90. 0X  PT. 

112. 

MEAN 

101. 

SIGMA 

11.8 

PARAM.  NO. 

2 

CELL  WIDTH 

1 

* Of  UNITS 

12 

10. 0X  PT, 

40,0 

15. 9X  PT. 

40,6 

MEDIAN 

46,3 

84. IX  PT, 

65,8 

90. 0X  PT. 

66.1 

MEAN 

50.6 

SIGMA 

9.90 

V. ..  ■.<  *>  •>.  r paw  i^MSf  quality  mmcxBM 

- v *raoM  obrtlhiiuSiiBtoi»o  ^ 


SUB6R0UP  8 A TEST  F OATE  OCT  i i 1977  H50316 


2N2907  SPECIAL  TEST 


BVCBO 

1UA 


HFE 

leeuA 


1BV 

265 

112.7 

23.60 

266 

67.2 

42.91 

267 

110.2 

22.57 

266 

165.3 

20.63 

269 

107,7 

33.44 

270 

101.4 

33.11 

271 

103.4 

34,84 

272 

111,4 

25.16 

273 

109.2 

29.23 

274 

113.2 

24.39 

275 

103,4 

31.34 

276 

111,6 

30.12 

param.  no. 

1 

CELL  WIDTH 

1 

0 OF  UNITS 

12 

10. 0%  PT. 

090. 

15. 9X  PT. 

100, 

MEOIAN 

108. 

64. IX  PT. 

112. 

90. 0X  PT. 

112. 

HEAN 

106. 

SIGMA 

7.30 

PARAM.  NO. 

2 

CELL  NIOTH 

1 

« OF  UNITS 

12 

10.0X  PT. 

21.2 

15, 9X  PT. 

22.4 

MEDIAN 

29,2 

64. IX  PT, 

33.5 

90.0X  PT. 

34.5 

MEAN 

29.3 

SIGMA 

6.30 

108 


' IBIS  PACES  IS  BBSI  QUALITY  mCHCi*9l 


FROM  Ot) « MUSHED  IftflDC 


SUBGROUP  8 3 TEST  P DATE  OCT  1 1 1977  AH50318 


2N2907  SPECIAL  TEST 


BVCBO 

HFE 

1UA 

100UA 

10V 

277 

110.9 

24.21 

276 

165.2 

30.56 

279 

100.8 

35.58 

2 8 <d 

106.5 

34.84 

261 

112.2 

27.54 

282 

100.7 

21,78 

283 

106.8 

26.17 

284 

109.1 

25.44 

285 

112.7 

30,58 

266 

110.3 

33.00 

287 

114.3 

28,98 

288 

109.1 

26,24 

PARAM.  NO, 

1 

CELL  NIOTH 

1 

* OF  UNITS 

12 

10. 0X  PT. 

061, 

15.9X  PT. 

097. 

MEDIAN 

108, 

84, IX  PT, 

112. 

90. 0X  PT. 

113, 

MEAN 

186. 

SIGMA 

4,00 

PARAM.  NO. 

2 

CELL  WIDTH 

1 

* OF  UNITS 

12 

10. 0X  PT. 

22.3 

15. 9X  PT. 

24.0 

MEDIAN 

27,5 

84, IX  PT. 

33,2 

90, 0X  PT. 

34.5 

MEAN 

28.7 

SIGMA 

4.30 

I 


'•■"•w .'■in**; • p^ftiy  is  B|a^TrQ.UAI»l Ti  TBAfiMiPA^&S 
fROMOO^JW^^10.1300  ^ 


SUBGROUP  9 TEST  f DATE  OCT  1 i *977 


2N2907  SPECIAL  TEST 


109 

AH50282 


109 


BVCBO 

HFE 

1UA 

100UA 

10V 

109 

96.8 

147.0 

110 

94.7 

101.0 

111 

109.3 

108.6 

112 

94.3 

161.2 

113 

95.9 

90.90 

114 

111.4 

133.3 

115 

61.3 

136.9 

116 

10b, 0 

114.9 

117 

97.2 

117.6 

116 

103.8 

96.15 

119 

87,8 

175.4 

120 

112.0 

75.75 

PAR AM , NO.'  1 
CELL  WIDTH  1 
n OF  UNITS  12 


10.0%  PT. 

66.7 

15,9%  PT. 

85.6 

MEDIAN 

97.2 

84.1%  PT. 

109. 

90.0%  PT. 

111. 

MEAN 

97.7 

SIGMA 

13.7 

PARAM,  NO, 

2 

CELL  WIDTH 

1 

« OF  UNITS 

12 

10.0%  PT. 

78,9 

15.9%  PT. 

89,6 

MEDIAN 

115, 

84.1%  PT. 

148, 

90.0%  PT. 

158. 

MEAN 

122. 

SIGMA 

29,8 

: 


> IBIS  PAGE  IS  BEST  QUALITY  PRACT1GABU 
FBOM  OOFY  JWRHISHBD  TO  DDC 
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SUBGROUP  JO  TEST  f DATE  OCT  1 1 1377 


A 1150288 


2N2907  SPECIAL  TEST 


BVCBO 

HFE 

1UA 

100UA 

10V 

121 

109.4 

56.49 

122 

104,4 

39.68 

123 

98.1 

50,25 

124 

89.8 

72,99 

125 

lain 

5 / . 5 V 

126 

103.3 

42,73 

127 

112.3 

55.55 

126 

108,6 

54,94 

129 

114.3 

52.91 

130 

102.1 

40.81 

131 

108.3 

40.16 

132 

100.7 

63.69 

PARAM.  NO,  1 
CELL  WIDTH  I 
# OF  UNITS  12 


10,0%  PT. 

24.4 

15.9%  PT. 

82.9 

NED  IAN 

103, 

84,1%  PT. 

109. 

90.0%  PT. 

111. 

MEAN 

SIGMA 

28.8 

PARAM,  NO. 

2 

CELL  rfIDTH 

1 

* OF  UNITS 

11 

10,0%  PT. 

39.8 

15.9%  PT. 

40,1 

MEDIAN 

51.6 

84,1%  PT. 

58,3 

90,0%  PT. 

63,0 

MEAN 

51,8 

sigma 



10,6 

J 

BVCBO 

1UA 

HFE 

100UA 

10V 

133 

133 

109,8 

23.20 

134 

108.7 

23.31 

135 

112.2 

23.69 

136 

103.5 

23.92 

137 

101.4 

25.25 

138 

113.3 

31,44 

139 

94.3 

24.50 

140 

113.4 

30.12 

141 

106.2 

32.25 

142 

106,3 

32.78 

143 

109,8 

32.46 

144 

100.9 

27,85 

PARAM. 

NO. 

1 

CELL  WIDTH  1 

ft  OF  UNITS  12 

10. 0X  PT.  095. 

15. 9*  PT.  097, 

MEDIAN  106, 
84. IX  PT.  112, 

90. BX  PT.  H2, 

MEAN  107, 
SXGHA  5,70 

PARAM.  NO,  2 

CELL  WIDTH  1 

ft  OF  UNITS  12 

10. 0X  PT.  23.2 

15.9X  PT.  23,3 


MEDIAN  25,3 
84. IX  PT.  32.3 
90. 0X  PT.  32.5 


ms  riot  xs  BSsr  quAiiirr 

fiWMOdWWBBISHBIODDC 


112 


SUBGROUP  / TEST  f OATE  OCT  i ->•  1977 


2N2907 

SPECIAL 

TEST 

BVCBO 

HFE 

1UA 

100UA 

10V 

145 

145 

104,0 

109.8 

146 

98,3 

104.1 

147 

109.4 

131,5 

146 

103.2 

144.9 

149 

109.6 

121.9 

150 

110.4 

119.0 

151 

106,7 

71.94 

152 

112.8 

108.6 

153 

111.3 

114,9 

154 

112.2 

98.03 

155 

110.8 

88.49 

156 

106,5 

147.0 

PARAM.  NO,  1 

CELL  WXOTH  1 

# OF  UNITS  12 


10, 0X  PT. 

094. 

15. 9X  PT. 

102. 

MEDIAN 

109, 

84. IX  PT. 

111. 

90, 0X  PT. 

11?. 

MEAN 

107, 

SIGMA 

5,70 

PARAM,  NO. 

2 

CELL  NIDTh 

1 

0 OF  UNITS 

12 

10. 0X  PT, 

75.3 

15. 9X  PT. 

67,1 

MEDIAN 

110. 

84, IX  PT. 

133. 

90, 0X  PT, 

142. 

MEAN 

114. 

SIGMA 

21.9 

*1150284 


A 1150290 


2N2907 

SPECIAL 

TEST 

BVCBO 

HFE 

1UA 

100UA 

10V 

157 

157 

96,0 

35.97 

158 

109,3 

51,28 

159 

106.2 

60.60 

160 

104.5 

62.11 

161 

102.8 

59,52 

162 

110.4 

46,08 

169 

103,8 

38.61 

164 

112.7 

40.98 

165 

104.1 

50,50 

166 

87,4 

68,49 

167 

108,2 

45.87 

168 

105,3 

38,61 

«is  ?m* 

FURNISHfll  10  DPC  

SUBGROUP  /3  TEST  F DATE  OCT  1 1 1977 


PARAM.  NO,  1 

CELL  WIDTH  i 

« OF  UNITS  12 

10. 0X  PT.  89.2 

15. 9X  PT.  95,9 

MEDIAN  185. 
84, IX  PT,  1 5*9 , 

90. OX  PT.  110, 

MEAN  104, 
SIGMA  6,80 

PARAM,  NO,  2 

CELL  WIOTH  1 

« OF  UNITS  12 

10. 0X  PT.  96.3 

15, 9X  PT.  37.2 

MEDIAN  46,1 
84, IX  PT.  60,7 

90. 0X  PT.  61,8 

MEAN  49,9 
SIGMA  10.7 


IBIS  PASS  IS  BIST  QUALITY  P1UCTICAB&I 
JJWN  OQPY  rURHISHH)  TODDQ  - - — - 


SUBGROUP  /V  TEST  F DATE  CCT  1 1 1977 


2N2907  SPECIAL  TEST 


BVCBO 

HPE 

1UA 

100UA 

10V 

169 


169 

112,4 

27.70 

170 

113,5 

31.74 

171 

112.5 

28.61 

172 

111.6 

25.90 

173 

109.2 

31,64 

174 

113.1 

28.73 

173 

108.1 

28,81 

176 

107.4 

34.96 

177 

105.9 

28,65 

178 

113.6 

28,49 

179 

106.5 

28,90 

160 

112.0 

28,98 

PARAM,  NO.  1 

CELL  WIDTH  1 

* OP  UNITS  12 

10. 0X  PT.  106. 

15. ex  PT.  106. 

MEDIAN  lie, 
64, IX  PT.  US, 

90, 0X  PT.  113. 

MEAN  111, 
SIGMA  3,00 

PARAM.  NO.  2 

CELL  WIDTH  1 

* OP  UNITS  12 

10. 0X  PT.  26.3 

15. 9X  PT,  27,5 

MEDIAN  28,8 
64, IX  PT.  31,6 

90.0X  PT.  31.7 

MEAN  29,4 
SIGMA  2,30 


114 

A1150296 


i 


fc  .'V  'T  v\* 


115 


SUBGROUP 


/;T  TEST  F DATE  OCT  i i 13V7 


A 1150286 


2N2907  SPECIAL  TEST 


BVCBO 

HFE 

1UA 

100UA 

10V 

101 

IBIS  PASS  IS  BfiST  QUALITY  PRACTtCABHI 

lei 

119,1 

120,4 

KWH  OQPY  TURaUSHEL  10  DDC  

102 

112.9 

106,6 

109 

96,0 

75,16 

104 

109.5 

98,03 

105 

109,5 

79,36 

106 

109,9 

196,9 

107 

95.5 

92,59 

IBS 

112.6 

135.1 

109 

91. & 

01,30 

190 

109.1 

140,0 

191 

109.6 

75,75 

192 

119.2 

120,4 

PARAM, 

NO. 

1 

CELL  NIOTH 

1 

* OF  UNITS  12 

■ 

10.0*  PT. 

92,3 

15. 9X  PT. 

95.0 

MEDIAN 

105, 

84. IX  PT, 

112, 

90, 0X  PT. 

112. 

MEAN 

106. 

SIGMA 

7,80 

PARAM,  NO. 

2 

CELL  NIUTH 

1 

* OF  UNITS 

12 

10,0%  PT, 

75.3 

15. 9X  PT, 

75.7 

MEDIAN 

96,0 

64. IX  PT. 

195, 

90, 0X  PT. 

137. 

MEAN 

105. 

8SGMA 

24,9 

116 


r7 


IBIS  PASS  IS  BBT  QUALlTI  «umcM 
frfm  ftont  UfOSHB  IOPPQ  — ^ 

SUBGROUP  /to  TEST  F OATE  OCT  1 i 1977  A 1150292 


2N2907  SPECIAL  TEST 


BVCBO 

HFE 

1UA 

100UA 

10V 

s 

193 

113.9 

49.50 

194 

93.3 

63.29 

195 

105.3 

59.88 

196 

187,6 

43.10 

197 

110.1 

50,76 

198 

109.5 

42.55 

199 

113.6 

46.08 

298 

110.2 

49,01 

201 

111.4 

39.37 

202 

97,9 

58.13 

203 

109,8 

43,29 

204 

111.1 

50,50 

PARAM.  NO*  1 
CELL  WIDTH  1 
* OF  UNITS  12 


10. 0%  PT. 

94.2 

15,9%  PT. 

97.5 

MEDIAN 

109, 

84.1%  PT. 

111. 

90.0%  PT. 

112. 

MEAN 

108. 

SIGMA 

6.30 

PARAM.  NO. 

2 

CELL  WIDTH 

1 

• OF  UNITS 

12 

10. ex  pt. 

40,1 

15,9%  PT. 

42,3 

MEDIAN 

49.0 

S4. 1%  PT. 

58,3 

90,0%  PT. 

59,6 

MEAN 

49,6 

SZGMA 

7,50 

. f.u,  . , . DJ1S1  QUALITY 

c-  ■ ••'■.  •:  »*SS ££Si£®«  — 


SUBGROUP  / ? TEST  f DATE  JJCT  i i 1377 


2N2907  SPECIAL  TEST 


AH50298 


BVCBO 

HFE 

1UA 

100UA 

10V 

205 

109.4 

22.98 

206 

105.2 

30.12 

207 

113.6 

26.45 

208 

113.2 

28.32 

209 

111.8 

31.44 

210 

110.4 

24.09 

211 

79.1 

23.86 

212 

112.6 

28.01 

219 

111.2 

30,95 

214 

107.8 

23.96 

215 

99.2 

36.23 

216 

112.5 

26,04 

PARAM,  NO. 
CELL  WIDTH 
0 OP  UNITS 


10. 0*  PT. 

63.2 

15. 9X  PT. 

97,5 

HEOIAN 

110, 

84, IX  PT. 

113. 

90, HX  PT. 

113, 

HEAN 

107, 

SIGMA 

9,60 

PARAM.  NO, 

2 

CELL  WIDTH 

1 

« OP  UNITS 

12 

10.0X  PT. 

23.2 

15.91  PT. 

23.0 

MEDIAN 

26.5 

54, IX  PT. 

31.0 

90.0X  PT. 

31.3 

MEAN 

27.7 

•I6MA 

3,90 

JBIS  PAGE  IS  BIST  QlIALlTI  PRidWiBfil 
IBOH  OOPY  JURSIISHBC  TO  DDC 
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SUBGROUP  H TEST  DATE  OCT  1 0 1977 

f 

2N2907  SPECIAL  TEST 


BVCBO 

1UA 

HFE 

100UA 

10V 

289 

289 

96,9 

156.2 

290 

110.9 

204,0 

291 

105.9 

222,2 

292 

88,9 

270,2 

293 

113,3 

192,3 

294 

93,3 

133.3 

295 

113,2 

120.4 

296 

113.3 

178.5 

297 

110,7 

138,8 

298 

114,2 

120.4 

299 

106,7 

217.3 

300 

107,5 

185.1 

PARAM. 

NO. 

1 

CELL  WIDTH  1 

* OF  UNITS  12 

10. 0X  PT.  89.6 

15. 9X  PT,  92.9 

MEDIAN  108. 
84 « 1 X PT.  112. 

90. 0X  PT,  US. 

MEAN  106, 
SIGMA  8.50 

PARAM,  NO.  2 

CELL  *IOTH  1 

* OF  UNITS  12 

10.0X  PT.  072. 

15. 9X  PT.  115. 

MEDIAN  179. 
•4. IX  PT.  217. 

90.0X  PT.  221. 

MEAN  178. 
SIGMA  46.0 


A 1150222 


119 


APPENDIX  C 


COMPUTER  PROGRAM  LISTINGS 

(a)  Computer  test  of  normality  of  the  2N2907  using  the 


Lilliefors'  analog  to  Kolmogorov-Smirnov. 

(b)  Computer  automated  ANOVA  and  subroutines. 
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